Spatial aspects of foraging behaviour in Eastern honeybees, Apis cerana by Hall, Katie
1 
 
 
 
 
Spatial aspects of foraging behaviour  
in Eastern honeybees, Apis cerana 
 
 
 
Submitted by Katie Hall to the University of Exeter 
as a dissertation for the degree of  
Masters by Research in Psychology 
September 2017 
 
 
  
 
 
 
This dissertation is available for Library use on the understanding that it is copyright 
material and that no quotation from the dissertation may be published without proper 
acknowledgement. 
 
 
 
I certify that all material in this dissertation which is not my own work has been 
identified and that no material has previously been submitted and approved for the 
award of a degree by this or any other University. 
 
 
 
Signature: ………………………………………………………….. 
 
 
 
2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3 
 
Abstract  
The majority of plants in Asian tropical ecosystems depend on bee pollination. 
However, there is a substantial lack of knowledge of the behaviour and ecology 
of native tropical bees. In the present study I explored how the Eastern 
honeybee, Apis cerana, distributes its foragers in the local environment 
analysing waggle dances of foragers in four rural and urban locations in Kerala, 
South India. Similar to their well-studied close relatives, the Western honeybee 
A. mellifera, returning A. cerana foragers recruit nest mates through these 
dances communicating the distance and direction from the hive to a food 
source. I decoded the locations of food sources for which pollen and nectar 
foragers danced. The results suggest that the bees tend to forage over shorter 
distances as compared to the Western honeybees. Furthermore, I have found 
that the foraging distances, in which dancing foragers have travelled, can 
notably differ for pollen and nectar resources. However, there is no significant 
difference in the direction in which nectar and pollen foragers travel. The results 
also show that despite floral abundance in the proximity of the hive in the rubber 
plantation, foragers travelled significantly further in this location when compared 
to the distance that they travelled in the other locations. This may indicate that 
these floral resources might actually represent a nutritionally poor floral 
resource for the honeybees. Throughout all of the four locations, the honeybee 
colonies showed variable patterns of foraging distribution, focusing their 
recruitment towards areas which seemed to offer both pollen and nectar 
rewards. This is likely to be in response to the spatial clustering of their food 
sources, which may be a characteristic of landscapes that are dominated by 
human agri- and horticultural activities.  
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Chapter 1. Literature review  
1.1 Bee phylogeny and evolution  
Approximately 130 million years ago angiosperms first appeared, relying on 
animals for pollination rather than wind dispersion (Friis et al. 2006; Oldroyd & 
Wongsiri 2006). Evidence suggests that one of the early visitors to these new 
plant forms were a group of spheciform wasps, which moved between plants to 
eat and in turn dispersed unknowingly the pollen on their body (Engel 2001). 
These early pollen dispersers predated the bees which expanded the niche, 
moving from varied foraging and hunting styles to complete reliance on feeding 
from flowering plants (Michener 2000). A mutualistic relationship was formed 
which has shaped the life-history of bees and angiosperms since (Friis et al. 
2006; Olydroyd & Wongsiri 2006; Wappler et al. 2015). Bees diverged from the 
sphecid wasps 120-130 million years ago, with some becoming generalists and 
other specialists (Winston 1991; Engel 2001). Around 90-100 million years ago, 
the clade corbiculate Apidae appeared amongst the bees. The corbiculate bees 
had a unique morphological adaptation, a structure on their hind leg called the 
corbicula which allows them to carry collected pollen on the legs rather than on 
the body (Michener 2000). Corbiculate bees are classed into four different 
tribes; the stingless bees (Meliponini), the orchid bees (Euglossini), the 
bumblebees (Bombini) and the honeybees (Apini) (Oldroyd & Wongsiri 2006).  
1.1.1 The honeybees  
Within the subfamily Apinae there is only a single genus, Apis, the honeybees. 
It is considered that there are up to 10 recognised Apis species (Arias & 
Sheppard 2005). Common morphological characteristics that distinguish 
workers in the Apis genus from other tribes include: hairs that cover the eyes, 
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elongated marginal cell on the forewing, pollen press on the hind leg and a 
convex scutellum (Fig. 1, Snodgrass 1984; Winston 1991; Seeley 1995; 
Oldroyd & Wongsiri 2006). Honeybees also have a specific set of behaviours 
that makes them unique. These include high sociality, reproductive swarming, 
multiple mating and the one of interest in this dissertation communication of 
food sources through dance language (Gary 1963; von Frisch 1967; Camazine 
et al. 1999; Oldroyd & Wongsiri 2006).  
The Apis genus can be split into three subgenera Microapis (dwarf honeybees), 
Megapis (giant honeybees) and Apis (cavity-nesting honeybees). Identification 
of a honeybees subgenera is relatively straight forward due to the large 
differences between their nests and body sizes (Fig. 2) (Engel 1999; Wokye 
2000; Buchwald et al. 2006; Oldroyd & Wongsiri 2006).  
 
 
 
This image has been removed by the author of this thesis/dissertation for 
copyright reasons 
 
 
 
 
 
 
Figure 1.  From Oldroyd & Wongsiri (2006), morphological characteristics of bees in 
the Apis genus. The honey bee has 3 anatomical section: (1) head, mouthparts and 
sensory organs; (2) thorax, made up of muscles which control the wings and 6 jointed 
legs, and (3) abdomen, containing the organs responsible for digestion, stinging and 
circulation (Winston 1991; Seeley 1995). 
 
11 
 
 
 
 
 
 
 
 
 
1.1.1.1 Dwarf honeybees (Microapis)  
Dwarf honeybees are the smallest of the honeybees. They have an 
approximate worker body length of 7-10mm and forewing length of 6-7mm. 
Drones and queens can be up to 3 times the size of workers (von Frisch 1967; 
Rinderer et al. 1995; Oldroyd & Wongsiri 2006). They construct single comb 
nests approximately 10cm in diameter around a small branch (Fig. 2) (Rinderer 
et al. 1996). Species include A. florea (red dwarf honeybee) and A. 
andreniformis (black dwarf honeybee). A. floera has a distribution that ranges 
from the Middle East to Malaysia and overlaps with A. andreniformis distribution 
of the Philippines to China (von Frisch 1967; Oldroyd & Wongsiri 2006).  
1.1.1.2 Giant honeybees (Megapis) 
Giant honeybees are the largest of the honeybees with an approximate worker 
body length of 16.5-17.5mm and forewing length of 12-15mm. Unlike other 
honeybee subgenera, the wings of giant honeybees are hairy. Like the dwarf 
honeybees nest of the giant honeybee comprise of one singular comb. 
a) 
Figure 2.  Morphological characteristics of nests built by species of the Apis genus. 
Photographs taken in Southern China of a dwarf honey bee nest; scale bar 10cm (a) 
and a giant honey bee nest; scale bar 50cm (b) both from Buchwald et al. (2006). Far 
right photograph of a typical comb structure of a cavity nesting bee. Combs are 
organised in parallel and wild colonies are usually found in hollow trees (Oldroyd & 
Wongsiri 2006). Photo by Katie Hall (c). 
c) b) 
These images have been 
removed by the author of 
this dissertation for copyright 
reasons 
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However, their nests are it is significantly larger at approximately 50cm in 
diameter (Fig. 2). These nests hang on the underside of a large branch or cliff 
face. Species include A. dorsata (common giant honeybee), A. laboriosa (giant 
mountain honeybee) and A. binghami (Indonesian honeybee) (Oldroyd & 
Wongsiri 2006). The last species here is considered, by some, not to be 
separate species from A. dorsata and rather a sub-species. Phylogenetic 
results between A. binghami and A. dorsata have shown no clear distinction 
between the species with as little as 2.5% ND2 gene sequence divergence 
(Arias & Sheppard 2005). The distributions of species in the subgenera 
Megapis differ, with A. dorsata having the largest range throughout South and 
Southeast Asia (Oldroyd & Wongsiri 2006). A. laboriosa is found in the 
mountainous areas of Nepal (Roubik et al. 1985) particularly in the Himalayas 
above 1500m (Oldroyd & Wongsiri 2006). A. binghami is found on the islands of 
Butang and Sulawesi (Arias & Sheppard 2005).  
1.1.1.3 Cavity-nesting honeybees (Apis) 
Cavity-nesting bees are what is considered as the classical looking honeybee. 
Worker body length is approximately 10-14mm long and have a forewing length 
of 7-10mm. Their nests comprise of multiple parallel combs that are located 
inside a cavity (Fig. 2). Humans have successful domesticated bee species in 
this subgenus as they can be easily translocated into man-made hives and their 
honey is easily accessible for harvesting (Oldroyd & Wongsiri 2006). Species 
include A. mellifera (Western honeybee), A. cerana (Eastern honeybee), A. 
koschevnikovi (red honeybee), A. nuluensis (mountain honeybee) and A. 
nigrocincta (sulawesian honeybee). A. mellifera is the most common species of 
the Apis genus and can be found worldwide due to the movement of the 
species for commercial beekeeping (von Frisch 1967; Winston 1991; Oldroyd & 
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Wongsiri 2006). The other 4 species in this subgenus all have distributions in 
Asia. A. cerana is a diverse species and widespread in temperate and tropical 
Asia (Smith 2000). A. koschevnikovi requires rainforest habitats and has been 
confined to South East Asia. A. nigrocincta inhabits the islands of Sulawesi, 
Mindanao and Sagihe (Oldroyd & Wongsiri 2006). A. nuluensis is the least 
known about and is restricted to the mountainous areas of Northern Borneo, 
commonly at 1700m above sea-level (Tanaka et al. 2001).  
1.2 Life history of the Western honeybee (Apis mellifera) 
Western honeybees are the most studied bee species. Being a very abundant 
and having spread over the world by humans through beekeeping, it has 
attracted the attention of naturalists, farmers and scientists alike. The ecology, 
behaviour, social organisation, development and physiology are well 
understood (von Frisch 1967; Winston 1991; Seeley 1995; Goodman 2003) and 
its genome fully sequenced and annotated (Honeybee Genome Sequencing 
Consortium 2006). It is the leading model species for comparative, phylogenetic 
and ecological research that aims to uncover differences and similarities 
amongst the more than 20 000 bee species that currently exist (Roubik 1992). 
A honeybee colony is considered a superorganism of bees working together to 
ensure reproductive success and secure the survival of their species (von 
Frisch 1967; Seeley 1989; Moritz & Fruchs 1997). Within a colony individuals 
are categorised into three different castes: queens, drones and workers. Each 
natural colony is formed by a queen and her offspring. Queens have a long 
abdomen which holds large ovaries that can produce up to a thousand eggs a 
day during the brood season for up to 4-5 years (Hepperle et al. 2001; Oldroyd 
& Wongsiri 2006). Honeybee males, or drones, remain inside the hive and are 
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fed by their sisters during their whole life. They leave the hive for mating trips 
searching for young queens, but die after a single successful mating (Gries & 
Koeniger 1996). The workers are the female offspring of the queen and 
undertake diverse tasks which include foraging, tending to the brood and nest 
defence (von Frisch 1967; Winston 1991; Oldroyd & Wongsiri 2006). 
Caste determination happens at both the genetic and developmental level 
(Corona et al. 1999; Evans & Wheeler, 1999; Wheeler et al. 2006; Guo et al. 
2013). The queen can control whether an egg produced is fertilised or 
unfertilised by regulating the release of sperm stored in her body (Camargo & 
Mello 1970). Fertilised eggs either grow into workers or queens. Eggs destined 
to be queens will be raised in queen brood cells and fed richly with royal jelly. 
Workers are raised in smaller brood cells and lightly fed (Brouwers et al. 1987). 
Drones develop from unfertilised eggs and contain only the genetic information 
from the queen. Workers with developed ovaries have been seen to produce 
unfertilised eggs and it is most common if a colony has lost its queen (von 
Frisch 1967; Winston 1991; Oldroyd & Wongsiri 2006). 
The division of labour is based on a number of feedback mechanisms that 
regulate the number of bees engaged in different tasks. The worker’s decision-
making is influenced by social, food and brood cues (Fewell & Winston 1992; 
Robinson 1992; Weidenmüller & Tautz 2002). Also the bees’ responsiveness to 
them strongly changes with their age and correspondingly with the development 
of brain, physiology and changes in hormonal levels (Ament et al. 2008; Schulz 
et al. 2002; Huang et al. 1994).  
The life of an adult honeybee worker in a typical colony can be split into 3 
stages. The first ten days after enclosure from the pupa, a worker spends inside 
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the hive performing in hive tasks, brood and queen care, and cleaning out newly 
vacated cells (Seeley 1995; Oldroyd & Wongsiri 2006). The feeding glands of 
the young worker bee fully develops after a few days. They ingest bee bread, a 
mix of pollen with honey and produce protein-rich royal jelly which they feed to 
the larvae (Free 1957). Around 10-14 days after enclosure the bees briefly 
leave the hive flying in front and close to it, a behaviour which is known as 
orientation flights behaviour. They perform orientation flights that only last 5 
minutes to allow them to get accustomed to the position of the hive in the 
environment (Capaldi & Dyer 1999; Degen et al. 2015) (see section 1.3). Also at 
this age the feeding glands of the bees cease their initial function, and wax 
glands become active to excrete the wax for building combs. Bees of this age 
are also responsible for receiving and processing nectar from incoming nectar 
foragers, the removal of waste in the hive and guarding of the hives entrance. 
Finally, honeybee workers will become foragers at an advanced age of 
approximately 20 days (Seeley 1995; Oldroyd & Wongsiri 2006). The length of a 
worker’s life depends strongly on the time of year. During the height of summer 
when foraging is high, workers only live 4-5 weeks whilst bees born late 
summer/autumn tend to live for several months as they can ‘hibernate’ during 
the winter season (Rueppell et al. 2007).   
This succession of tasks during the honeybees’ behavioural development is not 
strictly determined by age. Depending on the demographic situation in the 
colony, bee workers can become precocious foragers, nurse for longer or revert 
from foraging back to nursing and comb building (Robinson et al. 1992; Huang 
& Robinson, 1996; Amdan et al. 2005). This plasticity is controlled by social 
cues. When a colony is manipulated to decrease the number of foragers, 
younger bees that have not reached the average age for foraging start leaving 
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the nest and collect food (Huang & Robinson, 1996). A follow up experiment to 
this showed that the manipulated bees that were either forced to revert back to 
becoming nurse bees or become workers sooner had different levels of the 
juvenile hormone (JH). Bees that reverted from foragers to nurse bees have 
lower JH levels and consequently show a recovery of immunity with age 
compared to forager bees (Amdam et al. 2005). This plasticity in division of 
labour ensures the highest gain possible for the colony (Oldroyd & Wongsiri 
2006). 
Unlike other social bees and the wasps, honeybee colonies are perennial 
(Gould & Towne 1987). During the winter workers that enclosed in the late 
summer will remain inside the hive, huddle together around the queen, 
thermoregulate and consume their stores of honey (Simpson 1961; Fahrenholz 
et al. 1989; Jones et al. 2004). They leave the nest as soon as weather 
changes in early spring to take advantage of early flowering in plants. With fresh 
pollen influx new generations of workers are produced. With forage available at 
an increased rate at the height of the flowering season, the colonies grow too 
big for the old queen to dominate. Workers will rear young queens in specially 
built queen cells. When the first young queen emerges she kills her queen 
sisters and takes over part of the colony. The old queen exits in a swarm and 
moves to a new location that has been previously selected by scout workers. At 
the end of the summer, the cycle starts again (Gould & Towne 1987).  
1.3 Foraging behaviour of the Western honeybee (Apis mellifera) 
Honeybees harvest two types of food from flowers. Nectar feeds all colony 
members and is stored as honey. Whilst pollen is stored by the foragers, 
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processed into bee bread by mixing it with honey and then consumed only by 
the larvae and young nurse bees (Haydak 1970; Fewell & Winston 1996).  
Nectar is rich in sugars, with sucrose, glucose and fructose being the main 
nectar sugars (Nicolson 2011). It is imbibed by actively pumping it through the 
bees’ proboscis (Seeley 1995) and retained in the proventriculus for later 
regurgitation and sharing with other bees through trophallaxis inside the colony 
(Blatt & Roces 2002). Although the nectar collected can be directly fed to adults 
and brood it is mostly transformed into honey. The transformation of nectar to 
honey requires a two-step process. Firstly, enzymes inside the bee break down 
sugars in the nectar and prevents bacterial growth. Next the nectar undergoes 
evaporation on the tongue of the bee and when placed in the honey cells (Ball 
2007). It is estimated that one larva requires 142mg of honey for its 
development into an adult bee (von Frisch 1967; Winston 1991).  
Recently, studies have begun to reveal that other nectar elements might have 
various functions in regulating the nutritional state, health and behaviour of 
brood and workers. These include proteins, amino acids, fatty acids, minerals 
and toxins (Baker 1977; Baker et al. 1978; Alm et al. 1990; Adler 2000; Kim and 
Smith 2000; Linander et al. 2012; Nepi et al. 2012; Wright et al. 2013). The 
main source of proteins and fatty acids for larvae and young worker bees 
producing is however the pollen (Nicolson 2011). The collection of pollen is both 
beneficial for the plant and the bees. However, pollen varies largely because its 
primary function is plant reproduction. Plants have evolved strategies to limit the 
cost of pollen collection by bees during pollination, therefore different pollen 
types have different nutritional values (Nicholls & Hempel de Ibarra 2017). Once 
pollen has been collected it is prepared by the bees to prevent fermentation 
whilst it is stored long term inside the hive. When the pollen is required it is 
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taken out of the stores and is often referred to as ‘bee bread’ (Haydak 1970; 
Herbert Jr & Shimanuki 1978). This can then be consumed by both adult and 
larvae bees. It is estimated that one larva requires 125-145mg of pollen for its 
development into an adult bee (Winston 1991).  
Water is a vital resource that has a significant influence on the longevity of 
honeybees. Experiments with queens have shown that those with restricted 
excess to water live two weeks less than those that have had access (Weiss 
1967). Water is collected to regulate the temperature of the hive and to dilute 
honey. Water cannot be stored in the hive and therefore there it has a high 
turnover (Haydak 1970; Nicolson 2009). It is estimated that a honeybee colony 
requires 25 litres of water annually (Seeley 1995).  
Western honeybees have evolved efficient mechanisms of division of labour 
and foraging that allow them to grow large-sized colony, healthy brood and 
reproduce successfully in many different habitats (von Frisch 1967; Seeley 
1995; Winston 1991; Oldroyd & Wongsiri 2006). Essential for this is the 
individual forager’s ability to successfully navigate from and back to the hive 
over long distances. However, they have to learn the location of the hive and 
the views around it in order to finding back successfully. Therefore, young 
honeybees perform learning flights, also known as orientation flights, before 
they start foraging. They have several functions including calibrating with the 
sun, motor and sensory flight training and learning the landscape features 
surrounding the hive (Free 1958; Collett & Baron 1994; Capaldi & Dyer 1999; 
Menzel et al. 2006). As bees get older and more experienced, the number of 
flights decreases. The Western honeybee performs one bout of orientation flight 
during the morning. These flights are vital for a honeybee to safely navigate 
back to the nest (Capaldi et al. 2000; Degen et al. 2015). 
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Foragers of the Western honeybees A. mellifera are known to start their 
foraging activities in the early morning until presumably late afternoon before 
the light conditions become too dark or the environmental temperature too low. 
They regularly return to the hive to deposit food and to stay overnight. The 
exact timings of the commencement and finishing are very much dependent on 
environmental factors (Visscher & Seeley 1982; Corbet et al. 1993 reviewed by 
Abou-Shaara 2014). Peak times of activity seem to depend more on the 
availability of foraging resources than on the temperature, except when weather 
conditions are rainy or it becomes too hot in the middle of the day (Núñez 1966, 
1970, 1982). Highest flight activity and highest rate of pollen collection have 
been reported to be both in the morning (Reyes-Carrillo et al. 2007; Yucel & 
Duman 2005) and in the afternoon (Pernal & Currie 2001).It has therefore 
apparent that foraging activity ranges widely due to numerous factors. These 
could be internal, arising from behaviour and interaction between bees inside 
the colony, or external determined by the natural environment, competition with 
other pollinators for floral resources and abundance of suitable food sources 
(Abou-Shaara 2014). 
Foraging activity is affected by colony strength and brood rearing. With fewer 
bees there are fewer mouths to feed therefore the amount of food needed by 
the colony is much lower (Weidenmüller & Tautz 2002; Amdam et al. 2009; 
Abou-Shaara et al. 2013). Another in colony factor that affect the foraging 
activity of the workers includes the state of the queen. Colonies that have virgin 
queens forage as much as those that contain mated queens however they 
collect less pollen. Lower foraging activity and collection of pollen occurs when 
colonies have no queen present compared to colonies with a queen in any 
mated form (Free et al. 1985). Disease in the colony has also been seen to 
20 
 
have a significant effect on the foraging activity of honeybees. There is an 
increased likelihood of foragers not being able to return from foraging trips and 
the trips being longer when infect with Nosema sp. or Varrao destructor (Kralj & 
Fuchs 2006; Kralj & Fuchs 2010).   
When considering external factors that affect foraging activity of the Western 
honeybees A. mellifera, weather has been shown to have a considerable impact 
in many countries. Higher levels of temperature and humidity have been seen to 
cause drops in activity levels (Núñez 1966, Gary 1967). In subtropical regions of 
Asia, A. mellifera bees were seen foraging at quite low morning temperatures, 
between 7°C and 16°C (Joshi & Joshi 2010, Tan et al. 2012). Average 
temperatures are more suited to the thermoregulatory abilities of honeybee 
foragers, for instance, Tan et al. (2012) report maximum flight activity of 
foragers at around 20°C in Asia. High temperatures restrict activities, although 
studies have reported foraging activity continuing in the dry European climate of 
up to 43°C (Blažytė-Čereškienė et al. 2010). Although, this was more than likely 
water collection for thermoregulation in the hive rather than foraging for food 
(Seeley 1995). Temperatures do not fluctuate to such extremes in the tropics, 
except for higher altitudes in mountains, and thus would delimit foraging activity 
to a lesser extent. Little is known however how foraging activity of A. mellifera 
unravels in the tropics over the day, especially around midday when peak 
temperatures are reached. A major weather variable that has been described 
are rains that dominate the wet season, but occur occasionally during the dry 
season and transition periods between wet and dry season. In Ghana, activity in 
the wet season only peaked once during early morning whilst on dry days there 
were up to 3 different peak activities equally spaced out in the day (Woyke 
1992). Visscher & Seeley (1982) reported that in Northern America during 2 
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days of constant rain A. mellifera ceased foraging altogether. It is therefore 
clear that external factors, such as weather has a considerable impact in the 
foraging activity of A. mellifera and these factors should be taken into 
consideration when investigating foraging behaviour. 
Foragers are able to use their visual, chemical and tactile senses for detection 
and discrimination between groups of flowers and how rewarding they are 
(Kevan & Menzel 2012). This allows the bees to establish foraging strategies, 
such as visiting foraging patches at the most optimal time of day. This would 
then in turn change their foraging activity and could be reflected in the peak 
foraging times of the honeybees (Silva et al. 2013; Abou-Shaara 2014). 
However toxins, including anthropogenic insecticides, usually have a negative 
effect on the foraging ability of honeybees (Bortolotti et al. 2003; Ramirez-
Romero et al. 2005; Yang et al 2008; Decourtye et al. 2011; Schneider et al. 
2012), though not always. Recent work by Pilling et al. (2013) has reported that 
bees foraging on oilseed rape, which has been treated with thiamethoxam, do 
not experience a higher risk to their health compared to a control sample of 
bees.  
Foraging activity can be measured at the hive by the points at which foraging 
starts and ends (Joshi and Joshi 2010; Tan et al. 2012), the number of bees 
that leave, enter the hive, or net flow of bees considering both departing and 
arriving bees (Beekman et al. 2004; Alqarni 2006; Abou-Shaara et al. 2013). To 
measure how much forage bees bring back to their hive, returning foragers can 
be caught and their abdomen gently squeezed to extract the nectar brought 
back in their crop (Ramesh et al. 2016). To measure pollen, pollen traps can be 
used that strip the pollen sacs of the hindlegs of the returning foragers as they 
enter the hive (Steffan-Dewenter & Kuhn 2003). Another way to monitor activity 
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is to observe the foraging patches directly. This can provide information on but 
not exclusive to the amount of visits to the flowers (Sushil et al. 2013), the 
amount and type of food collected (Williams and Christian 1991) and time spent 
foraging (Sushil et al. 2013). More sophisticated ways of monitoring activity 
include the use of radio-frequency identification (RFID) and radar tracking. An 
RFID tag or a transponder is glued onto the thorax of a singular bee (Loper et 
al. 1987; Riley and Smith 2002; Decourtye et al. 2011; Tenczar et al. 2014; 
Thompson et al. 2016). RFID bees are then scanned as they enter and exit the 
hive by readers and radar bees are tracked using radar beams from on the 
ground satellites (Carreck et al. 1999; Van Geystelen et al. 2016).  
The use of radar can not only give us an insight into forager activity but insight 
into the distance, direction, route and speed of the flights of foraging bees 
(Carreck et al. 1999; Osborne et al. 1999). For example, an experiment by 
Reynolds et al. (2007) found that honeybees being tracked using radar were 
seen to produce looping flights in order to find a previously present food source. 
This suggests that the honeybees were performing Lévy flight paths. Lévy flight 
theory presents the idea that there is an optimal searching strategy to locate 
random and sparsely distributed food sources (Viswanathan et al. 1999). 
Radar-tracked flight paths of honeybees were also studied by Menzel et al. 
(2005). The authors found that when bees were released in a familiar 
environment they seemed to use map-like spatial representations for setting 
course to a location and choosing between different goals. This and other 
examples exemplify the organised way in which honeybees navigate in the 
environment.  
Radar has also been used in the examination of recruitment to food sources 
after watching waggle dances (see section 1.4). The results showed that even 
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though the waggle dance provides highly effective information on the location of 
the food source, visual and odour cues are required in the close proximity of the 
food source to accurately pinpoint it (Riley et al. 2005).   
1.4 Waggle dance communication in the Western honeybee (Apis 
mellifera) 
The regular behaviours performed by honeybees inside the hive which are 
known as ‘dancing’ behaviours have been known for a long time, with 
observations dating back to Aristotle’s time (Haldane 1955; Gould 1975; Tautz 
1996). It was later suggested that waggle dances were linked to the bees’ 
foraging behaviour. Observations of bees that have returned from an 
experimental feeder and the recruitment of bees to a feeder indicated that 
honeybees could communicate to their nestmates about profitable food source 
(Emery 1875; Spitzner 1788; Dujardin 1853). However, it was not fully 
understood until the 1920’s when Karl von Frisch proved in carefully designed 
experiments that the dances were linked to foraging behaviour. A feeder was 
placed by the side of a hive and foraging bees were then marked with paint in 
order to distinguish her from other bees in the colony. On her return, she 
performs a kind of ‘round dance’ (see section 1.5) which the surrounding bees 
seem to be excited about and they tend to leave the nest to forage soon 
afterwards (von Frisch 1955). However, as the new foragers did not follow the 
dancing forager out of the hive, it remained unclear what information the bees 
transferred about the food source (von Frisch 1923).  
Von Frisch was particularly interested in the waggle dances. The waggle dance 
is a figure-of-eight shaped movement performed by returning honeybees on the 
hive comb (von Frisch 1967; Grüter & Farina 2009) (Fig. 3). The bee will run at 
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a constant angle vigorously shaking its body from side to side at a speed of 13-
15 times per second. The bee will then turn left or right and walk in a semicircle 
back to where it started its waggle run phase. It will then repeat the waggle run 
and then turn in the opposite direction and perform another semicircle walk. The 
amount of full circuits can range between 1-100 counts (von Frisch 1967; 
Winston 1991; Oldroyd & Wongsiri 2006). During the waggle dance fellow 
nestmates follow the dance and use their antennae to touch the bee and beg for 
a sample of nectar to establish how good the food source that is being 
advertised is (Grüter & Farina 2009). 
 
 
 
 
 
 
 
 
 
 
 
Two decades after Karl von Frisch’s first observations suggesting that the 
waggle dance was used for recruitment to a food source, he obtained more 
decisive results. He trained bees to a feeder (A) and placed a second feeder (B) 
Figure 3.  The honey bee waggle dance. The bee performs a straight run waggling 
her body and then curves left or right and walks back to the run starting position. She 
will then perform another run and turn the other way to walk back to the start point 
(von Frisch 1967). For video clip follow: 
https://www.youtube.com/watch?v=azt33wi51W8 (Hall 2017). 
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further away but in the same direction as the first. Recruited bees showed up at 
feeder A but not feeder B which proved that the dancing bees conveyed 
distance to the food sources in their dances (von Frisch 1967). To confirm this 
result, von Frisch conducted another experiment measuring the amount of 
waggle runs per ¼ minute performed by bees that had fed at set feeders. He 
demonstrated that with increasing feeder distance from the hive, the amount of 
complete waggle runs decreased, i.e the dances were getting slower. This 
proved that there was a relationship between waggle dances and food source 
location. The waggle dance was being used as a form of communication to aid 
foraging (von Frisch 1946, 1955, 1967).  
Opinions differ when it comes to the question of which part of the waggle dance 
codes the precise distance information between the hive and food source. It is 
widely accepted that distance is related to the duration of the waggle phase, 
however there is disagreement on whether this is duration of the waggle phase 
alone or the whole waggle run with subsequent turn (von Frisch 1967; Dyer & 
Seeley 1991; Michelsen et al. 1992).  
Robotic bee models have been used to investigate the role of the different 
phases of the waggle dance. The models were controlled by a computer to 
simulate the movement, scent and sound of a real dancing bee. Different 
phases of the waggle dance could be manipulated in order to investigate which 
part is the most important for conveying accurately the information about the 
distance flown. Success of information transfer was estimated by measuring 
whether more bees were recruited to the correct feeding station (Michelsen et 
al. 1992; Landgraf et al. 2011). It was found that the wagging phase of the 
dance was the most important phase at conveying the distance to a food source 
(Michelsen et al. 1992).  
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Whilst the waggle run encodes distance to the food source, another important 
parameter in the dance is the communication of the direction of the food source. 
To prove that the bees conveyed direction of a food source from the hive in their 
dances, von Frisch set up several fan experiments (von Frisch 1967; Lindauer 
1971). Bees were trained to a scented rewarding feeder and dummy scented 
feeders were set up closer to the hive but arranged in a fan formation. 
Significantly more bees visited the unrewarding feeding stations that were in the 
direction of the feeding station. This showed that dancing bees communicated 
direction of the food source as well as distance (von Frisch 1967). Karl von 
Frisch observed that bees dancing for the same food source at the same time of 
day always danced with the straight run in the same direction. However, 
throughout the day the angle of the run changed by approximately the same 
degree of which the sun had moved in the sky. Therefore, the angle of which 
the dance is ran, relative to gravity, must be in relation to the direction of which 
the food source is from the sun’s angle (Fig. 4) (von Frisch 1946; von Frisch 
1967; Edrich 1977). 
 
 
 
 
 
 
 
 
Figure 4.  The honey bee waggle dance – what the dance angle represents. The red 
angle denotes the direction at which the food source is from the hive relative to the 
sun’s position. The distance to the food source can be decoded from either the time 
taken to perform the waggle run or the time taken to perform one semicircle circuit 
(von Frisch 1976). 
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1.4.1 How do bees measure distance?  
We know that honeybees convey distance information in their waggle dances, 
but how do they actually measure distance? Two theories have dominated the 
ideas about it until the early 2000s. The Energy Hypothesis proposes that 
distance flown is estimated from the amount of energy required for flight (Esch 
& Burns 1996). Observations by von Frisch found that bees flying into the wind 
to a feeder indicated greater distances flown compared to bees flying with the 
wind. This suggested that as it took more energy to fly into the wind this was the 
internal measure that the bees were using to gauge distance (von Frisch 1967; 
Esch & Burns 1996). Further work by Heran (1956) showed that bees flying to a 
feeder up a mountain indicated that the distance flown was a lot further than the 
actual ground distance. This could not be explained by flight duration or speed 
and supported the earlier observations by von Frisch (Esch & Burns 1996; Esch 
2012). However, more recent work on looking at how energy is expended by 
bees has shown that bees expending more energy is not reflected in the 
dances, which conflicts with the Energy Hypothesis (Goller & Esch 1990; Esch 
et al. 1994; Esch 2012).  
More convincing evidence supports another explanation formulated by the Optic 
Flow Hypothesis. According to this distance is gauged through optic flow, by the 
amount or rate of flow of image contours that are projected onto the retina of the 
bee. In experiments where optic flow cues were varied, it was possible to 
demonstrate an effect on the bees’ ability to measure the distance have flown 
between the hive and an artificial feeder (Srinivasan et al. 1997; Srinivasan et 
al. 2000; Esch et al. 2001; Si et al. 2003). Bees were trained to fly inside a 
tunnel that was lined with vertical black-white stripes and find sucrose solution 
in a feeder placed at a specific location. In the tests, the width of the tunnel and 
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the properties of striped patterns on the tunnel walls were systematically 
changed to influence the optic flow that the bee experienced. When optic flow 
was increased, i.e contours would move at a higher rate across the retina than 
during training, the bee’s internal odometer overestimated how far the bee had 
travelled and it searched further away for the feeder and danced for a longer 
distance in the recruiting waggle dances. When optic flow was reduced the 
honeybees underestimated the distance to the food source (Esch & Burns 
1996; Srinivasan et al. 1997; Esch 2012). So far, there is more compelling 
evidence supporting the Optic Flow Hypothesis (Srinivasan 2014).  
1.4.2 How do bees gauge direction? 
To gauge the direction that a food source is in, bees predominately use as their 
navigational compass the sun and patterns of polarised skylight (Dyer 1987a). 
As a bee flies along its path to a food source she maintains and remembers the 
angle of flight from the sun’s azimuth. This angle is then re-enacted during the 
waggle run and conveyed to follower bees (Rohrseitz & Tautz 1999; Tanner & 
Visscher 2008, 2009; Oldroyd & Wongsiri 2006).  
Even though the sun is omnipresent, it can be a difficult landmark to use due to 
its movement and degree of presence (Gould 1980). These changes could be 
due to time, season, geographical latitude or weather (Dyer 1987a). 
Explanations have been put forward by Gould (1980) on how the bees 
compensate for the movement of the sun. The first states that the bees are 
programmed to calculate the azimuth as the sun moves by performing 
geometry. Linked with this explanation is that the bees just remember the sun’s 
movement throughout the day and then recall the azimuth when the sun is no 
longer visible (Gould, 1980). 
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Alternatively, the bees might extrapolate the angle of the sun from the most 
recent observed azimuth, whether that be working backwards or forwards. This 
would be a good method for when the periods of time between sun movement 
is very small (Gould 1980; Dyer & Dickinson 1994). However, the bees could 
extrapolate the movement of the sun throughout the day by using the sun’s 
average rate of movement of 15ᵒ per hour (Gould 1980). 
These hypothesises were tested by manipulating the bees access to the sun 
(Gould 1980). The authors followed this rationale: if a hive is shut off for two 
hours, then the rate of the sun’s azimuth will change and the released forager 
will fly to the learned feeder accordingly to how it has compensated for the 
movement of the sun. For example, if a hive is closed at noon and the rate of 
movement is 44ᵒ at that specific time then a bee extrapolating the degree from 
the most recent observed angle would expect the sun to move 88ᵒ in two hours. 
Bees working on the average movement of the sun of 15ᵒ per hour will expect a 
movement of 30ᵒ. Bees working out the actual movement of the sun would work 
out that the sun only moved 66ᵒ as past noon the movement of the sun starts to 
slow down (Gould 1980). To find out which hypothesis is more likely to be true 
Gould ran the experiment on a group of bees that were trained to a feeding 
station and then the hive was closed off for two hours. The hive was then 
moved to a new location several miles away to prevent the bees from using 
landmarks and forcing it to recall its vector memory for navigation. Identical 
feeders were then placed in the area and were monitored to determine the initial 
arrival area of the bees. The experiment was repeated 6 times at two different 
times during the day. In all the experiments, most of the bees behaved as if they 
had extrapolated the rate of the sun’s movement from the last known rate when 
the hive had been shut. This resulted in either an overestimate or an 
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underestimate of where the sun’s azimuth was. The method of extrapolation is a 
surprisingly simple way to compensate the movement of the sun (Gould 1980).  
Dyer (1987a) argued against the hypothesis that bees could extrapolate at a 
linear rate from the last known azimuth position. He found that if honeybees 
were tested over a longer period of time, dance orientation did not occur at a 
constant rate but instead varied roughly similar to the sun’s azimuth. This theory 
was later tested by Dyer & Dickinson (1994), when they restricted the bee’s 
foraging trips to late afternoons. Subsequently, on cloudy days they would let 
them forage during both the morning and early afternoon. They wanted to test 
whether the lack of experience of celestial cues in the morning would affect the 
bee’s orientation during their waggle dances. They found that the bees acted as 
if the azimuth was the starting azimuth they would have experienced if they had 
been let out in the afternoon. As the day progressed the bee’s idea of azimuth 
changed at the same rate which they had experienced going from afternoon to 
late evening in the restrictive condition. This shows that the bees have some 
form of innate representation of the general pattern of solar movement rather 
than using extrapolations of the linear movement from the last known azimuth 
(Dyer & Dickinson 1994).  
The effect of weather can also play a significant role in the foraging behaviour of 
honeybees (Riessberger & Crailsheim 1997; Henry et al. 2014). If bees were 
using the sun as their only way to navigate then on cloudy days navigation 
would be very difficult. However, as we see that bees can successfully forage 
on even the cloudiest of days they must be using other cues to help them 
navigate. One hypothesis is that the bees use local landmarks as references. 
Dyer (1987a) explored this theory by training honeybees along a landmark to a 
feeder and then moving the hive so that the landmark was in a different 
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compass direction. When the sun was covered by clouds bees would orientate 
their waggle dances as if they had followed the landmark in the original hive 
location. This shows that the bees had confused the sun’s actual azimuth and 
relied on the false information from landmarks. After celestial cues were 
available, most bees did switch their orientation and the bees were using the 
correct sun position for the waggle dances. This suggests that bees can update 
previously stored memories of the relationship between celestial and terrestrial 
cues. Some bees however, reverted to their incorrect dance angle once the sun 
disappeared again. Other bees performed both correct and incorrect dances in 
different waggle runs. These observations suggest that the bees can memorise 
two different sets of information for orientation dependent on the location of the 
sun and landscape features (Dyer 1987a).  
1.4.3 How do bees decode dances?   
In removing the sides of an observation hive humans can easily see and 
decode the waggle dances of honeybees. However, when the hive is closed 
and in its normal state, honeybees must follow dances in the dark. How is it 
then possible for bees to decode dances if they are unable to see the direction 
of the dance and for how long it has lasted? Explanations of how the bees can 
follow the dances include the use of auditory, vibration, tactile or olfactory cues 
(Łopuch & Tofilski 2017).  
The first reports that waggle dances were accompanied by sound came from 
Esch (1961) and Wenner (1962). They were pioneering studies but their 
conclusions were contradictory. Wenner (1962) agreed that sound was 
produced by waggling bees but could not find evidence either way that the 
follower bees could receive the sounds and it could convey information about a 
32 
 
food source. Esch (1961) on the other hand suggested that follower bees may 
sense vibrations of the sound using their antennae. Later Esch (1962) 
confirmed the importance of sound in a waggle dance by showing that bees that 
produce silent dances were not as successful at recruiting bees compared to 
the sound producing dances (Esch 2012). A further study by Towne (1985) 
showed that of the four most common honeybee species the two cavity nesting 
honeybees, Apis mellifera and Apis cerana, were the only bees to produce 
sound with their dances. This suggests that the sound is important for 
communication in dark enclosed hives (Towne 1985; Michelsen et al. 1987). 
Initially the source of the sound was difficult to identify, but Michelson et al. 
(1987) demonstrated that the sound was being produced by the wings 
(Michelsen et al. 1987; Łopuch & Tofilski 2017). This was later supported by 
Spangler (1991), Michelsen (2003) and more recently Łopuch & Tofilskie 
(2017). Research has also shown that when a bee has a short-winged mutation 
it has a 67% reduced wing area. This reduces the amplitude of sounds 
produced during the dance and in turn the recruitment success of the dance is 
reduced to less than 50%. It is now clear that sound is produced during 
dancing, however it is still unclear how the bees translate this sound into 
information about the food source location (Kirchner & Sommer 1992).  
Movement of the wings not only produces sound but also vibrations on the 
comb. Few studies have investigated the importance of comb vibration in 
honeybee communication mainly due to the difficulty in measuring vibration. 
Tautz (1996) investigated the difference in dance recruitment between bees 
dancing on open empty cells compared with capped brood cells. Results 
showed that dancers performing on open empty cells recruited three times as 
many bees to a feeder compared to dancers on capped brood cells. Empty cells 
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caused enhanced vibration transmission but instead of the vibrations causing 
an increase transfer of food source information it has been shown that dances 
performed on open cells attract more dance followers. This proves that 
vibrations produced during the waggle dance are valuable at transmitting 
communication information to as many bees as possible (Tautz 1996; Rohrseitz 
1998).  
During the waggle dance follower bees frequently touch the dancing bee with 
their antennae. On average for 60% of the dance the follower bee have 
antennal contact with the waggling bee (Rohrseitz & Tautz 1999). Antennae are 
a multimodal sensory organ and can detect chemical, airborne nearfield and 
vibrations and other tactile cues from the dancing bees (Dreller & Kirchner 
1993; Farina et al. 2005; Gil & De Marco 2005; Ai 2009). They are used by the 
follower bees to position themselves at the back or the side of the waggling bee, 
which have both been found as equally efficient positions to decode the location 
of the food source (Rohrseitz & Tautz 1999; Tanner & Visscher 2009). Touch is 
therefore a vital cue in communication of information during the waggle dance 
(Rohrseitz & Tautz 1999; Łopuch & Tofilski 2017).  
Chemical signals that may play a role during dance communication include 
nectar and pollen taste and odours. It has been found that in some cases 
olfactory feeder cues may help to improve recruitment to a feeder or odour 
plumes are followed during a foraging trip (Johnson & Wenner 1970), however it 
is well established that bees prioritise the spatial information encoded in the 
waggle dances (Lindauer 1967; Riley et al. 2005).  
Chemical signals in the form of pheromones, are frequently used in 
communication of activities that need to be carried out in the hive and might be 
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involved in the regulation of foraging activity (Slessor et al. 2005). It has been 
shown that a waggling bee produces and releases chemicals during the dance 
and when these are injected onto the comb the number of foraging bees exiting 
the hive increases. The findings suggest that pheromone signals could be 
involved in worker attraction or in modulation of foraging motivation of workers 
by dancing bees (Thom et al. 2007). 
Odour cues from the food source are carried into the hive in the honey crop or 
on the body of the foraging bee (Farina et al. 2012). It has been shown that the 
bees can learn the odour inside the hive through associative learning forming 
long term memories that are likely to impact foraging decisions (Farina et al. 
2005). When a hive is exposed to a scent, bees then prefer to visit a feeder that 
is scented with the same odour rather than an unscented source. This shows 
that an odour can have a significant effect on foraging preference (Arenas et al. 
2008). Odour cues can then be used as an orientation guide to a food source 
(Wenner et al. 1969; Reinhard et al. 2004; Reinhard & Srinivasan 2009).  
The dancing bee probably uses all 4 of these cues in tandem to attract follower 
bees to ‘watch’ their dance and to transfer the information about food source 
location. It is of high importance that they can get as much information across 
as possible to enable efficient foraging for the colony (Łopuch & Tofilsk 2017).   
1.4.4 The effect of food source profitability on the waggle dance  
The distance and direction or a food source is the biggest factor in determining 
the pattern of a bee’s dance. However, it is also affected by the profitability of 
the food source. With many dances occurring in the hive at once the 
unemployed foragers must be able to compare food sources so that they forage 
on the most profitable source. The profitability of a food source is measured by 
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several factors, including but not exclusive to: sweetness of nectar, ease of 
obtaining, floral fragrance, nourishment state of the colony and time of day (von 
Frisch 1967).  
To determine how profitability is conveyed in dances, bees are trained to 
different sucrose concentration feeders. The resulting waggle dancers for these 
feeders are then analysed. It has been found that as sucrose concentration 
increases the number of circuits performed and recruitment increases. Dances 
have been seen to range between 1-100 circuits long depending on food quality 
(Seeley & Towne 1992; Seeley 1995; Seeley et al. 2000). Also, it is suggested 
that the duration of the return phase could also be a way to communicate the 
food profitability. Shorter return phases have been shown to indicate a source 
with a higher sucrose concentration (Seeley et al. 2000). Studies have also 
found that profitability could be shown through the vigour of each waggle run. 
However, it is considered that the information given through one waggle dance 
does not give a precise profitability measure and the bees rely on other cues 
such as sampling the food sources (Seeley 1995). 
1.5 Round dances of the Western honeybee (Apis mellifera) 
The round dance (Fig. 5) is a simpler form of dancing as compared to the 
waggle dance. It does not communicate precise information of the location of a 
food source (von Frisch 1967). Rather it informs nestmates that a food source is 
near to the hive. As the food source gets further away the round dance starts to 
transition into the waggle dance with a mid-phase dance resembling the outline 
of a sickle cell (Fig. 5). Round dances are performed when a food source is 
25m away, the transitional sickle dance is performed 25-100m and then waggle 
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dances are performed when a food source is 100m+ away from the hive (Von 
Frisch 1967; Winston 1991). 
 
 
 
 
 
 
 
 
1.6 What does the dance behaviour reveal about the spatial foraging 
patterns of Western honeybee and its subspecies?  
The waggle dance has been shown to provide honeybee foragers with the 
information about the distance and direction a food source is from the hive. It is 
arguably the most sophisticated of all the insect communication behaviours. 
With the information that we can extract from the dances we can answer 
questions on how honeybees forage and construct foraging maps (Grüter & 
Farina 2009).  
Visscher & Seeley (1982) conducted a study in a temperate deciduous forest in 
the state of New York looking at how over time the spatial patterns of foraging 
switches. They observed the waggle dances of A. mellifera over four 9 day 
periods in the summer of 1980. Bees were seen to forage regularly at several 
kilometres away and 95% of foraging occurred within 6km of the nest. Food 
source patches were exploited only for a few days and only a few number of 
Figure 5.  Left denotes the path of a bee performing a round dance. The bee 
repeatedly makes small circles and reverses the direction every 1-2 rounds during 
the dance. Sometimes complete circles are not made. Right denotes the path of a 
bee performing the transitional sickle dance. Small amounts of waggling occur during 
this dance. Both dances are followed by unemployed foragers (von Frisch 1967; 
Winston 1991). 
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food patches were worked at one time. The special pattern of foraging rapidly 
changed and there was a strong variation in the intensity of foraging across the 
summer. The strong variation in foraging was attributed to the variation in 
foraging opportunity as this changed weekly or even daily. The colony is 
constantly using communication to concentrate on a small number of high value 
food patches and achieve optimum foraging (Visscher & Seeley 1982).   
The objective of a study by Schneider (1989) was to investigate the spatial 
foraging patterns of the African honeybee A. mellifera scutellata and where 
possible compare it to the Western honeybee from the results in Visscher & 
Seeley (1982) described above. Schneider (1989) set up two colonies in the 
Okavango River Delta, Botswana and monitored colony one for 12 days and 
colony two for 4 days from August to October 1986. The dances indicated that 
70-75% of food sources were 500-1000m away from the hive. Pollen dances 
were more common and displayed distances that were significantly shorter than 
nectar dances. This was likely due to increased need for pollen at the time of 
the experiment as brood production was at its highest. Like Visscher & Seeley 
(1982), Schneider (1989) found that there was a continual redistribution to 
foragers over numerous different food resources. However, the foraging areas 
and mean distances flown were significantly shorter for the African honeybee 
compared to the Western honey bee (Visscher & Seeley 1982; Schneider 
1989). The results of this study suggest that there are differences in spatial 
foraging patterns between races and these are probably linked to the opposing 
habitats (Schneider 1989).  
Waddington et al. (1994) examined the forager distributions in 2 different 
suburban colonies. The aim was to not only compare the two environments but 
also to detect differences between colonies located in the same area at the 
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same time. Four different colonies were equally split between 2 locations in 
Miami, Florida and Riverside, California for 4 and 5 days respectively. At both 
the locations the 2 colonies placed there had significantly different flight 
distances even though they were foraging in the same area. The distances 
were also significantly shorter than those reported by Visscher & Seeley (1982) 
and have been attributed to higher density of flowers in Florida and California 
compared to New York. For each of the locations the colonies generally foraged 
on different food patches but were both able to equally shift their foraging 
partitioning. Compared with Visscher & Seeley (1982) and Schneider (1989) 
however, the concentration of effort on working a small number of food patches 
was not as apparent. With the bees working many different patches that were 
more widely scattered in both Florida and California. Waddington et al. (1994) 
concluded that the spatial foraging patterns of honeybees varied considerable 
between different and within the same environment.  
Steffan-Dewenter & Kuhn (2003) conducted the first experiment, to their 
knowledge, looking at the relationship between spatial foraging patterns and 
different structural landscapes. Four observation hives of A. mellifera carnica 
were routinely switched between 6 different structured landscapes in Germany. 
The study sites were a mixture of forest, grasslands, arable land and built up 
areas. They found that the month and colony significantly affected the mean 
foraging distances however landscape complexity did not. Variation between 
colonies is suggested to be due to genetic differences and differences between 
the months as there was a change in forage availability. The mean foraging 
distance of 1526m was greater than that seen in suburban areas (Waddington 
et al. 1994) but smaller than those seen for a temperate deciduous forest 
(Visscher & Seeley 1982). This indicates that there is an effect of foraging 
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ranges due to the structure of the landscape. There was a significant difference 
between the mean foraging differences of pollen and nectar foragers, with 
pollen foragers having to travel further than nectar foragers. This suggests that 
pollen was a limited resource requiring the bees to travel further for it. Also, the 
pollen foragers were significantly affected by the landscape, with bees foraging 
in simple landscapes having to travel significantly further than. The results from 
Steffan-Dewenter & Kuhn (2003) have given the first insight into how landscape 
structure can affect honeybee foraging.  
Further evidence of the differences between the flight distances of nectar and 
pollen forages has been collected in Brighton, UK (Couvillon et al. 2015). Over 
2 foraging seasons 5,484 waggle dances were recorded and decoded. Overall 
there were significantly fewer pollen dances compared to nectar dances and 
compared to previous research (Visscher & Seeley 1982; Schneider 1989). The 
distance travelled for pollen was also significantly shorter than flights for nectar. 
The foraging distance varied with month for both pollen and nectar but the 
variation was different for both. In some months foraging for pollen would 
require further flight distances then nectar and in others it would switch to nectar 
forages travelling further. The data suggests that forage availability is not a 
reason for different foraging ranges and rather it is driven by the need of one 
forage type over the other.  
The results from these studies help us to understand how factors such as 
forage type, time, colony and environment influences the spatial patterns of 
foraging both within and comparing different species of honeybee. Future 
studies could then attempt to link these results to pollination, gene flow and 
foraging behaviour of other bee species (Visscher & Seeley 1982; Schneider 
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1989; Waddington et al. 1994; Steffan-Dewenter & Kuhn 2003; Couvillon et al. 
2015).  
1.7 Behaviour and life history of the Eastern honeybee (Apis cerana) 
As explained in the previous sections there is a considerable amount of 
research conducted on the Western honeybee (Apis mellifera) mainly due to its 
abundance and availability to researchers. However, little is known about its 
sister species in Asia, the Eastern honeybee (Apis cerana) (Oldroyd & Wongsiri 
2006). 
Morphologically speaking the Western and Eastern honeybee are very similar 
and at first cerana were classed as a subspecies of mellifera (Von Buttel-
Reepen 1906; Ruttner & Volprecht 1983). However later studies have shown 
that A. cerana have specific behavioural and morphological characteristics 
which set them apart from A. mellifera and prevent viable hybrids being 
produced (Ruttner & Volprecht 1983; Woyke 2000). It is believed that the 
differences between the species of honeybee are due to them having evolved in 
two distinct ecological niches (Ruttner 1988).  
In terms of size of the Eastern honeybee is slightly smaller than its Western 
sister (Oldroyd & Wongsiri 2006) with forewing ranges from 7.57-9.05mm and 
proboscis length ranges from 4.06-6.25mm (Kshirsager & Ranade 1981; 
Rinderer et al. 1989; Hadisoesilo et al. 1995; Hepburn et al. 2001). The 
differences in sizes of the Eastern honeybee have been attributed to the large 
geographical distribution of A. cerana (Sylvester et al. 1998) as they are present 
in most of East Asia and have adapted to the different environments (Hepburn 
et al. 2001; Radloff et al. 2010; Koetz 2013). Colony size (number of bees per 
colony) ranges in both A. cerana and A. mellifera with the Western honeybee 
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tending to have larger colonies but this is highly dependent on the cavity space 
available (Ruttner 1988). Colonies of A. cerana range from 1,400-34,000 
individual bees (Seeley et al. 1982; Ruttner 1988; Inoue & Salmah 1990; 
Karlsson 1990) and reports on A. mellifera have seen size ranges of 15,000-
50,000 (Chinh et al. 2005; Suwannapong et al. 2012).   
As stated in section 1.1.1.3, A. cerana is a member of the subgenera Apis 
which is the cavity-nesting honeybees. This means that they create nests of 
multiple parallel combs in hollow trees or in bee boxes if they have been 
domesticated like the Western honeybee (Oldroyd & Wongsiri 2006). Unlike A. 
mellifera though, colonies of A. cerana do not hibernate due to the lack of a 
winter and instead their behaviour is shaped by the wet season. Throughout the 
year, the pollen foragers, the amount of brood and pollen stored fluctuate 
together due to temperature and rainfall (Reddy 1980).   
A. cerana has the same social structure as A. mellifera, as in there is a queen, 
female workers and male drones. Each have their specific roles in the colony as 
explained in section 1.2. One difference however is the higher rates of ovary 
activation in A. cerana compared to that of A. mellifera workers, with some 
reports showing that 10-20% of Eastern honeybee workers contain mature eggs 
(Sakagami & Akahira 1958). This figure increases to 40% 6 days after a colony 
has been dequeened (Oldroyd et al. 2001). The developmental steps of A. 
cerana is very similar to A. mellifera but occur at a slightly faster rate for brood 
and a slower rate for the queens (Oldroyd & Wongsiri 2006; Koeniger et al. 
2011). There is also a difference between the brood nest temperatures of the 
two species. Tan et al. (2012) found that A. mellifera colonies maintain the 
brood nest temperature significantly higher compared to A. cerana and 
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attributed it to the need for the Western honeybee to have a higher thoracic 
temperature to be able to forage.  
Another one of the differences between the Eastern and Western honeybee is 
their ability to defend against parasites and pathogens. Both species are hosts 
to non-parasitic and parasitic mites which either causes no significant harm or 
they can be extremely pathogenic, especially for A. mellifera (Ball & Allen 1988; 
Büchler et al. 1992; Eickwort 1994; Webster & Delaplane 2001; Duay et al. 
2003). For example, the parasitic mite Varroa jacobsoni was originally hosted to 
A. cerana (Koeniger et al. 1981) but only recently has it been seen to infect A. 
mellifera (Fries et al. 1996). The recent transfer of parasites is due to A. 
mellifera being recently introduced by beekeepers into Asia as they have higher 
honey yields than their Eastern sister (Connor et al. 1993; Mishra & Kumar 
1997; Mishra & Garg 1998). In A. cerana it has been found that colonies 
infected with the Varroa mite managed to remove 99% of the parasites with 
extensive grooming however A. mellifera were only able to remove 0.3% of the 
mites (Peng et al. 1987). Across the literature, it has been reported that A. 
cerana are more effective at removing and causing harm to mites compared to 
A. mellifera (Büchler et al. 1992; Delfinado-Baker et al. 1992; Boecking et al. 
1993; Fries et al. 1996).  
With differences in the morphology and life history between the Western and 
Eastern honeybee it is reasonable to expect that they will have differences in 
their foraging behaviour (Oldroyd & Wongsiri 2006).  
1.8 Foraging behaviour in the Eastern honeybee (Apis cerana) 
Like the Western honeybee the Eastern honeybee also requires workers to 
collect nectar, pollen and water for colony consumption (Oldroyd & Wongsiri 
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2006). During foraging trips bees either collect pollen or nectar but not both 
from one species of plant (Bakker 2001; Corlett 2011). It has been report in A. 
cerana that foragers are either nectar specialist or generalists. Generalists 
usually started their foraging career by collecting pollen and then shifted to 
nectar collection even though the demands of pollen remained constant 
(Ramesh et al. 2016).   
The Eastern honeybee also performs orientation flights like the Western 
honeybee. However, preliminary data from the Eastern honeybee shows that 
they perform two bouts, one more than the Western honeybee. One of the 
learning flights occurs in the morning and the other one in the afternoon. The 
morning flights were predominantly carried out by older bees, while the 
afternoon flights were carried out by bees of all ages (Vijayan et al. 2016).  
The literature suggests that A. cerana and A. mellifera have significantly 
different foraging activity when they are compared in the same environment 
(Adlakha & Dhaliwal 1979; Verma & Dulta 1986; Partap & Partap 1997; Tan et 
al. 2012). Foraging in A. cerana has been seen to start between 06:00-08:12 at 
ambient temperatures as low as 7°C and ceases between 17:35-19:00. 
Foraging activity peaks between 09:00-13:30, when the temperature ranged 
between 10-21°C. Length of foraging was longer and peaked earlier in A. 
cerana compared to A. mellifera (Verma & Dulta 1986; Verma & Partap 1994; 
Partap et al. 2000; Tan et al. 2012). Variations in the foraging activity of A. 
cerana are likely due to forage availability, temperature and humidity in the 
different geographical locations already seen in A. mellifera and explained in 
section 1.3 (Verma & Dultra 1986; Verma & Rana 1994; Partap et al. 2000).   
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Foraging ranges of A. cerana have been seen to vary among studies however 
generally they show to be significantly shorter than that of A. mellifera (Lindauer 
1956; Dyer & Seeley 1991; He et al. 2013). Feeder experiments have shown 
maximum foraging distances for A. cerana of 700-1200m (Lindauer 1956; Dyer 
& Seeley 1991). Observations from A. cerana waggle dances for natural 
foraging sites have shown that 50% of dances indicate distances up to 195m 
(Dyer & Seeley 1991), 70-75% are for distances of 200-800m (Dhaliwal & 
Sharma 1974; Punchihewa et al. 1985) and 95% of dances show resources up 
to 905m meters from the hive (Dyer & Seeley 1991). Maximum distance flown 
has been seen to range between 1.4km (Dhaliwal & Sharma 1974) and 2.5km 
(Dyer & Seeley 1991).  
There is conflicting results comparing the efficiency of foraging and pollination 
between the Western and Eastern honeybee. Verma & Dulta (1986) have 
reported that A. mellifera have significantly longer foraging trips, can carry 
heavier pollen loads, remained longer on individual flowers and touched more 
stigmas compared to A. cerana. Some of these differences could be because A. 
mellifera is larger than A. cerana. The difference in size between the two 
species was also what Verma & Rana (1994) concluded as the attributing factor 
as to why A. mellifera visited significantly more flowers than A. cerana per 
foraging trip in their orchard experiment. However they found that there was no 
significant difference between the two species for flowers visited per minute with 
foraging trip excluded. A contradicting study has found that A. cerana visits 
significantly higher number of broccoli flowers per minute compared to A. 
mellifera (Devkota & Thapa 2005). The differences between Verma & Rana 
(1994) and Devkota & Thapa (2005) are likely due to the different floral awards 
and their attractiveness to the bee species. It has been reported that A. cerana 
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are more attracted to apple blooms then A. mellifera is (Sharma et al. 2000). 
Time of day and stage of flowering has been seen to significantly affect the 
attractiveness of flowers to bees (Aly & Hassan 1999).    
As expected foraging behaviour of the Western and Eastern honeybee do differ 
but the results are not conclusive (Lindauer 1956; Dyer & Seeley 1991; Verma 
& Rana 1994). A. mellifera has been introduced into Asia as it produces more 
honey than A. cerana (Mishra and Kumar 1997). Therefore, it is important to 
determine the foraging behaviour of these two species in the same environment 
as there is potential for resource competition (He et al. 2013; Koetz 2013).  
1.9 Waggle dances in the Asian honeybees  
Waggle dances have been studied to a much lesser extent in the Asian 
honeybee, Apis cerana, and other Apis species (Lindauer 1956; Dyer & Seeley 
1991; Tan et al. 2008).  
The previous descriptions of the waggle dance in this review (section 1.4) have 
focussed on the western honeybee, A. mellifera. Like the Western honeybee, 
the Eastern honeybee also performs waggle dances in the same fashion in their 
cavity nests (Dyer & Seeley 1991). The attention of research has focussed on 
the Western honeybee A. mellifera, and to date very little is known about the 
intricacies of dance behaviour in the Eastern honeybee, A. cerana.  
It is often assumed that the dances of the Western and Eastern honeybee are 
identical, given their close phylogenetic relatedness and similarity of major 
features (Lindauer 1956; Dyer & Seeley 1991; Dyer 2002). New supporting 
evidence that dances of closely related Apis species encode information in the 
same way comes from recent experiments in an area of China with subtropical 
climate where the ranges of A. mellifera and A. cerana overlap. Both species 
46 
 
were reared together in the same hive. It was observed that foragers from both 
species cross-communicated via waggle dances efficiently even though they 
have different dance dialects (Su et al. 2008; Tan et al. 2008). Nevertheless, 
evidence is still lacking that the waggling phase of the dance for A. cerana is 
identical to that of A. mellifera. Therefore to date, studies decoding the waggle 
dances of A. cerana have used the whole waggle circuit for the estimation of 
distance (Lindauer 1956; Dyer & Seeley 1991), and despite the above-
mentioned recent studies with mixed-species colonies, more research is 
needed to strengthen our understanding of the waggle dance behaviour in A. 
cerana. For now, we rely on the classical theory by von Frisch (1967) assuming 
similarity of dances between closely-related Apis species (Dyer 1992 review). 
Species in the other 2 subgenera also perform waggle dances but as their nests 
have different configurations their waggle dances are slightly different and far 
less studied (Lindauer 1956; Dyer 1985 a, b, 1987b; Dyer & Seeley 1991). 
Previously it has been thought that these bees performed primitive dances 
compare to that of the subgenera Apis however it is now understood that they 
can communicate the location of food just as well as A. mellifera and A. cerana 
(Lindauer 1956; Dyer 1987b).  
The description of the dwarf honeybee waggle dance only applies to A. florea 
as it hasn’t been recorded for A. andreniformis (Oldroyd & Wongsiri 2006). On 
return from a foraging trip bees of the species A. florea perform waggle dances 
on the horizontal plane of the crown of the nest (Lindauer 1956; Koeniger et al. 
1982; Dyer 1987b). During the waggle run of A. florea she holds her wings out 
and abdomen up and produces no accompanying sound unlike the Western 
and Eastern honeybee (Towne, 1985). Follower bees stand further back from 
the dancer compared to that of cavity nesting bees. This is suggested to be 
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because the dance isn’t performed in the dark and therefore less physical 
contact is required and replaced by visual cues. As the bee can dance on a 
flattish surface the angle of which she is dancing in points exactly to the food 
source rather than the angle from the sun (Dyer 1985a; Oldroyd & Wongsiri 
2006). The influence of the sun in the dances of A. florea has been 
demonstrated in the use of mirrors to distort the sun’s position. Bees were 
housed inside a room with their only view of the sun being a mirror image that 
the scientists could manipulate. The bees could feed on a scented sucrose 
solution from a feeding dish outside of the closed room. When the mirror was 
moved through 45ᵒ the dancing bees turned the direction of their dance through 
90ᵒ. This has shown that the A. florea use the current position of the sun to 
orientate their dances (Koeniger et al. 1992). With the sun being such an 
importance reference for the bees, cloudy days could leave them vulnerable 
(Rod-im et al. 2015). Dyer (1985a) conducted an experiment where a hive of A. 
florea were housed with no view of the sun from their nest and instead they 
were presented with a striped board. The bees could feed form a sucrose 
supply outside of their nest. On return the dance direction of the bee could be 
manipulated by 180ᵒ when the striped board was moved by the same angle. 
This suggests that the bees were orientating their dances to this board and 
therefore can use terrestrial landmarks to help orientation during the absence of 
the sun (Dyer 1985a).  
Unlike the nests of the dwarf honeybee, the nests of the giant honeybee do not 
provide a horizontal surface for performing waggle dances on. Therefore, 
dances occur on the vertical comb and dancing bees cannot point in the direct 
direction of the food source (Lindauer 1956). Instead they follow the same 
guidelines of conveying direction as the cavity nesting bees. They waggle at 
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angle of which the food source is relative to the current sun’s azimuth. It was 
first thought that giant honeybees did not produce sound whilst dancing (Towne 
1985), however the sound produced is such a low frequency that it was not 
picked up by the recorder used in the original experiment (Kirchner & Dreller 
1993). Of the giant honeybee species A. dorsata have been shown to produce 
dance sounds during the waggling phase of the dance (Kirchner & Dreller 
1993). A. dorsata can produce sounds of 90-140Hz (Kirchner & Dreller 1993) 
and in this range, they can learn and memorise the sound to locate a food 
source (Dreller & Kirchner 1994). The explanation to produce sound comes 
from the fact that A. dorsata forage and dance on moonlit nights (Dyer 1985b). 
In fact, during the night dances there is an almost 3 times higher chance that 
sounds will be produced by the nocturnal foragers suggesting that the lack of 
light is the driving force for producing sound (Kirchner & Dreller 1993). This is 
further supported by examining the dances of the mountain dwelling species of 
the giant honeybees, A. laboriosa. Due to low temperatures at night, these bees 
only forage during daylight hours. It was found that A. laboriosa do not produce 
any sound during their dances. This supports the theory that sound production 
during dances is an evolutionary adaption to facilitate the transfer of information 
during low light intensities (Kirchner & Dreller 1993; Kirchner et al. 1996). With 
sound being produced during the waggle run stage the bees can gauge how 
long the waggle run is and therefore how far the distance is to the food source 
(Wenner 1962; Dreller & Kirchner 1994).  
As explained, different races and species of honeybees that have had different 
evolutionary development and therefore they have each established their own 
distinct waggle dances. This could mean there are differences in the dance 
languages or dialects of the different species (Gould 1982). 
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1.9.1 Dance dialect curves in the Apis family 
Dance dialects differ in two ways; the progression from a round dance to a 
waggle dance and how time of a dance relates to a set distance of a food 
source (Sarma et al. 2004). The later of these differences produces dance 
dialect curves, which show the relationship between the average time of the 
waggle run or dance circuit and the distance flown (Lindauer 1956; Dyer & 
Seeley 1991). These dialect curves can then easily be compared between 
different honeybee races and species (Lindauer 1956; Boch 1957; von Frisch 
1967; Dyer & Seeley 1991).  
Boch (1957) undertook, under the instruction of von Frisch (von Frisch, 1967), 
the first systematic study of the dance dialects of the European races of Apis. 
mellifera and available mellifera races outside of Europe (Fig. 6). The bee races 
included; A. m. carnica, A. m. mellifera, A. m. intermissa, A. m. caucasica, A. m. 
ligustica, and A. m. fasciata. Hives were set up in the same environment and 
bees were trained to feeding stations. After training the feeders were set up at 
various distances from the hive. At the set distances, the waggle dances were 
observed and it was determined what type of dance they were performing; 
round, transitional sickle cell or waggle dance. Dances were only classed as a 
certain dance type if a predetermined percentage of complete dance forms was 
completed (Boch 1957). All bees performed unoriented round dances, however 
the range of performance differed with the distance to the feeder. In the order of 
bee races presented earlier, round dances persisted from further to shorter 
distances. In other words, carnica performed round dances for the longest with 
the maximum of 15m away whilst fasciata performed round dances the shortest 
up a maximum of 2m away. The range of the transitional sickle cell dances was 
characteristic to each bee race. A. m. carnica did not perform transitional sickle 
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cell dances at all and instead transitioned from the round dance to the waggle 
dance. The start of the waggle dance began first with fasciata at feeders set at 
12m away from the hive and carnica was the last race to start to perform 
waggle dances at feeders placed at 85m away (Boch 1957; von Frisch 1967). In 
figure 6 the transition from one dance form to the next are shown (Boch 1957; 
von Frisch 1967).  
 
 
 
 
 
 
 
Boch (1957) also examined the indication of distance for the races over a range 
of 100-500m and supplemented his results with that of Smith (1958) who 
observed the dance rhythm of Apis m. adansonii, which is a race of honeybee 
from tropical Africa (von Frisch 1967). The race that performed the most rapid 
dance rhythm were the carnica and the slowest dancers were the fasciata and 
adansonii (Bosch 1957; Smith 1958; von Frisch 1967). In figure 6 you can see 
dance tempo plotted against distance to feeding site, the data of which has 
been taken from Boch (1957) and Smith (1958) but created by von Frisch 
(1967). These are commonly known as dance dialect curves and it suggests 
that there are differences in the dance dialects of races of A. mellifera (Boch 
1957; von Frisch 1967).   
Figure 6.  From von Frisch (1967) showing results from Boch (1957). Left shows 
the distances at which dance types transition. R: Round dance, S: Transitional 
sickle-cell dance and T: Waggle dance. Right shows the dialect curves for races of 
A. mellifera. The result from A. mellifera adansonii comes from Smith (1958). 
These images have been 
removed by the author of 
this dissertation for copyright 
reasons 
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Given the differences in dance dialects between races of honeybees, it is 
reasonable to expect that there would be differences between species of 
honeybee as they are morphologically very different (von Frisch 1967). Lindauer 
(1956) provided the first conclusive report on the communication system of 
Asian honeybees. It was found that all three of the Asian species perform round 
and waggle dances like that of the A. mellifera. However, these round dances 
converged quickly onto waggle dances once the food source was moved further 
away from the hive. There are variable results in at what distance away from the 
hive the transition between dance types ends and begins (Lindauer 1956; 
Sakagami 1960; Towne & Gould 1988; Sarma et al. 2004). Lindauer (1956) 
reported that dwarf honeybees, A. florea, shifted their round dances to waggle 
dances at feeders over 5m away from the hive and giant honeybees, A. 
dorsata, shifted at feeders placed at distances over 3m. Towne & Gould (1988) 
reported convergence onto waggle dances at closer distances with A. cerana at 
5m, A. dorsata at 2.5m and A. florea at less than 1m. However, experiments 
with the Japanese A. cerana reports that the transition to waggle dances is 
much longer than previously stated (Sakagami 1960). Also, a comparison 
between A. florea and A. mellifera carnica has shown that there was no 
significant difference between the proportion of round and waggle dances at the 
same feeder distances and no significant difference between the time point at 
which transition between the two dance types was made (Sarma et al. 2004).  
Another aspect of dance dialect differences between species is the relationship 
between circuit and/or waggle duration and the distance it corresponds to. The 
first studies by Lindauer (1956) and Punchihewa et al. (1985) in Sri Lanka 
showed that the Indian species A. cerana, A. dorsata and A. florea have 
significantly different dance dialect curves. A. dorsata have the fastest dances 
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followed by A. cerana and A. dorsata. When Dyer & Seeley (1991) tried to 
replicate these experiments in Thailand they unexpectedly found that there was 
no significant difference between the three Asian species’ dance dialects. When 
comparing the same species’ slopes in Sri Lanka (Lindauer 1956) and Thailand 
(Dyer & Seeley 1991) they found that they had significantly different dialect 
curves in all 3 species but less pronounced in A. dorsata. Comparisons of the 
dialect curves from Sri Lanka and Thailand also show that in Sri Lanka the 
dialect curves clearly diverge between the 3 species whilst they are quite 
parallel in Thailand (Dyer & Seeley 1991). The differences between the two 
countries would suggest that there are some regional dialect differences in the 
Asiatic species comparable to what has previously been reported by Boch 
(1957) in mellifera (Dyer & Seeley 1991).   
Lindauer (1956) and Punchihewa et al. (1985) also have added comparisons 
with previous mellifera studies (von Frisch 1951; Schweiger 1958) to their data 
and both agreed that races of A. mellifera have similar dance dialects to the 
Asiatic honeybees but are most like A. dorsata in the way that they decline at a 
slower rate. However, these mellifera studies were not completed under the 
same protocol, location or time of year. It is uncertain whether these differences 
were due to species differences or external variables (Su et al. 2008). Su et al. 
(2008) therefore undertook a study in China where the waggle dances of A. 
cerana cerana and A. mellifera ligustica could be directly compared in the same 
environment. They found that there was a significant difference between the 
dance dialect curves of the two species, even when the foraging environment 
was the same. These results suggest that there is a lot of variation between the 
dance dialects and brings to question what external or internal factors affect 
them (Su et al. 2008).  
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For many years, it was widely accepted that the dialect curve was influenced by 
natural selection to reflect the typical foraging range of the species (Lindauer 
1957; Boch 1957; von Frisch 1967; Gould 1982; Oldroyd & Wongsiri 2006). This 
was called the adaptive tuning hypothesis and states that there are two factors 
that have influenced the evolution of the dance dialect. Firstly, the shorter the 
foraging range of the bee the steeper the dialect curve because steep dialect 
curves are more precise over shorter distances. The more precise a dance can 
be the less distance error there will be when a bee is foraging for a food source. 
The second factor involves the length of the dance. Where a bee has a large 
foraging range it would be an insufficient use of time and energy to have slow 
dances at long distances. Therefore, bees that have large foraging ranges 
would benefit from having shallow dialect curves (von Frisch 1967; Dyer & 
Seeley 1991). 
Lindauer (1956) and Punchihewa et al. (1985) supported the adaptive tuning 
hypothesis with their foraging ranges and they found that the bees with the 
longer foraging ranges did indeed have shallower dance dialects. They 
attributed the foraging ranges to the size of the bees as the bigger the bee the 
larger the foraging range. The results from Dyer & Seeley (1991) did not 
support the adaptive tuning hypothesis. Their results showed that whilst there 
was a difference in the foraging ranges of the honeybees the dance dialects of 
these bees were very similar. Also, they did not see the relationship between 
bee size and foraging range. The smaller A. florea (max. 15.2km) had a larger 
natural foraging range compared to that of the larger A. cerana (max. 2.5km). 
Recently a large-scale review of 62 bee species has been undertaken to 
establish if there is a relationship between body size and foraging range. By 
using maximum homing distance, typical homing distance, maximum feeder 
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training distance, and maximum communication distance as estimates for 
foraging distances. They found that there was a positive non-linear relationship 
between foraging range and the distance between wing bases of the bee 
(Greenleaf et al. 2007). The downside of the study by Greenleaf et al. (2007) is 
that the bees were not tested under the same experimental conditions. As 
stated early bees gauge distance by the amount of optic flow that they 
encounter whilst flying (section 1.4.1). In different environments, the optic flow 
will be different and therefore could affect the dance dialect curves (Srinivasan 
et al.1997; Srinivasan et al., 2000; Esch 2001; Si et al. 2003; Sarma et al. 
2004). Dyer & Seeley (1991) did compare the bees in the same environment 
but only 1 colony was used for each species. Therefore, it is still open for 
debate whether the adaptive tuning hypothesis is correct or if other factors are 
influencing the dance dialects of honeybees (Dyer & Seeley 1991; Sarma et al. 
2004).  
Other factors that have been proven to affect the dance dialects of honeybees 
involve genetic and environmental factors (Schricker 1974; Rinderer & Beaman 
1995; Johnson et al. 2002; Sarma et al. 2004). Rinderer & Beaman (1995). 
Johnson et al. (2002) studied the genetic control in A. mellifera races for dance 
dialects. By crossing colonies that have different dance dialects they recognised 
that one dialect was dominant over the other. They concluded that the transition 
points from round to sickle and sickle to waggle dances is controlled by a single 
locus with more than one allele. Therefore, genetic inheritance could be a 
founding factor in the differences in dance dialects (Rinder & Beaman 1995; 
Johnson et al. 2002). Schricker (1974) investigated the effect of insecticides on 
dance dialect variation. A. mellifera carnica were trained to a feeder and control 
dances were observed. They were then given a sublethal dose of Parathion and 
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the resulting waggle dances underestimated the distance to the feeder which 
was seen in increased dance rhythms. This shows that external factors can 
influence the dance dialects of honeybees (Schricker 1974). 
1.10 Study aims   
The study of the literature shows that very little is known about the foraging and 
spatial behaviour of the Eastern honeybee, and its differences and similarities 
with the closely related sister species the Western honeybee (Lindauer 1956; 
Punchihewa et al. 1985; Dyer & Seeley 1991; Su et al. 2008). The Eastern 
honeybee is a vital pollinator of agricultural crops in tropical and subtropical 
Asia, and much of the food productions relies on their pollination services. 
Therefore, there are good scientific reasons as well as an economically 
motivated interest for learning more about their foraging behaviour, especially 
as pollinator populations have and continue to decrease rapidly due to human 
activity and habitat impairment (Partap & Verma 1994; González-Varo et al. 
2013; Nayak et al. 2010).  
The present study aimed to primarily investigate how foragers of A. cerana 
distribute in human-impacted landscapes of tropical South India. The findings 
were compared to previous work conducted with A. mellifera to evaluate 
whether inferences can be made from the closely related Western honeybees to 
tropical Asian honeybees. This work provides essential evidence that will inform 
future research asking how landscape features, of human-impacted habitats in 
tropical Asia, influence spatial patterns of forager movement and thus plant 
pollen and gene flow through pollination services provided by native tropical 
bees. 
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Chapter 2: Research study 
2.1 Introduction  
The majority of wild plants and agricultural crops require pollination by insects 
for improving their reproduction and sustaining their populations under changing 
environmental conditions. Bees in particular contribute vastly to pollination 
services making them ecologically and economically important agents in plant-
pollinator networks. It is therefore important to understand the foraging 
behaviour of bees in order to protect the ecosystem services and promote food 
security (Klein et al. 2007; Garibaldi et al. 2013). .   
Observations of waggle dances in honeybees offer insights into the decisions 
that nectar and pollen foragers make. Waggle dances are movement 
sequences along a figure-of-eight trajectory that foraging honeybees perform on 
the hive comb (von Frisch 1967; Grüter & Farina 2009). When walking straight 
the bee shakes its body producing a vibration signal that recruits other foragers 
and attracts hive bees (Tautz 1996). At the end of the run she then turns left or 
right and returns to the start point of the straight run. Worker bees in the hive 
follow the dance and it seems like they take in information from the figure-of-
eight movements provided by the dancing bee (von Frisch 1967; Winston 1991; 
Oldroyd & Wongsiri 2006). The information that is communicated by the dancer 
was investigated in much detail by Karl von Frisch, his students and 
collaborators in the 1940s to 1960s. He demonstrated that the time taken to 
complete the dance was correlated with the distance between the hive and the 
food source. The angle of the straight run relative to gravity changed depending 
on the direction in which the food source was located relative to the hive and 
the sun’s azimuth. Thus, the information that is communicated by forager bees 
can be decoded to inform us where the bees are foraging at any given time and 
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which locations in the environment have rich and abundant flowers (von Frisch 
1946, 1955, 1967).  
The waggle dances of the western honeybee (Apis mellifera) have been widely 
studied. Western honeybees tend to forage away from the hive, over distances 
of several kilometres. Visscher and Seeley (1982) found that 95% of the bees in 
a temperate forest in the state of New York foraged within 6km of the hive. In 
this and another study by Steffan-Dewenter and Kuhn (2003) conducted in 
Europe, the researchers found that 50% of the bees danced for closer locations, 
only 1-1.5km away from the hive. Many studies have also provided examples 
for the flexibility with which these bees can redistribute their workers when food 
availability or the nutritional requirements of the colony changes (Visscher & 
Seeley 1982; Schneider 1989; Waddington et al. 1994; Steffan-Dewenter & 
Kuhn 2003; Couvillon et al. 2015).  
Most research to date has focussed on examining the foraging behaviour of the 
western honeybee (Apis mellifera), with a few exceptions (Lindauer 1956; Dyer 
& Seeley 1991; Tan et al. 2008). There is a significant lack of knowledge known 
about foraging behaviour in other honeybee species. Here I analysed the 
waggle dances of Eastern honeybees (Apis cerana) to investigate how pollen 
and nectar foragers are distributed in the environment. Studies in the tropical 
forests of Sri Lanka and Thailand suggest that the Eastern honeybee travels 
over much shorter distances when collecting food from flowers (Lindauer 1956, 
Dyer & Seeley 1991). They found that 50% of dances signalled foraging 
locations that were within 200m of the hive. Nearly all foraging locations (95%) 
were at distances below 1km. To study this further, I recorded and analysed the 
dances of Eastern honeybees foraging in the tropics of South India, in Kerala’s 
low land. A large proportion of wild plants and agricultural crops in tropical Asia 
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are pollinated by this bee species (Partap & Verma 1994; González-Varo et al. 
2013; Nayak et al. 2010). It is popular with farmers who extract honey and often 
keep managed colonies on their land. It was therefore feasible to observe the 
dances in three rural locations where the bees had vast resources of 
agricultural crops and in one peri-urban location that was dominated by gardens 
and fruit and coconut trees as garden and street trees. I expected to find that 
the Eastern honeybee would forage over short distances, similar to colonies in 
the middle of dense forest. However, the distribution of food sources is altered 
in these human-altered landscapes with local differences observed in each of 
the locations. It could well be that foraging for nectar and pollen could lead to 
distinct dissociations in the distances and directions over which the bees 
foraged.  
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2.2 Methods 
2.2.1 Subjects  
Experimental bee colonies of Apis cerana were provided by a local beekeeper 
and certified bee breeder in Kadakkal, Kerala. These bees were bred from 
colonies taken from the wild. They were housed in purpose-made rectangular 2-
frame observation hives with glass walls to enable the filming of returning bees 
performing the waggle dance (Fig. 7). Colonies consisted of an estimated 1000 
bees with a single mated queen. Hives were placed on level ground on greased 
stands 1m from the ground to prevent invasion from ants. Where possible they 
were placed in shaded areas to prevent over-heating. Bees were in good health 
and actively foraging for nectar and pollen. Throughout the experiment no 
colonies performed reproductive or relocation swarms.  
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Side view of the observation hives.                                                        
Photo by Katie Hall. 
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2.2.2 Study Area 
Data were recorded between April-June 2016, during the dry season until the 
start of the monsoons, in the four different habitats in Kerala, a state in the 
South-West of India (Fig. 8). Besides logistical considerations and access to 
private land or buildings in the city, the four locations represent typical areas 
with high level of fragmentation due to human agricultural and settlement 
activity. They are characteristic for human-impacted areas in Kerala that 
continuously expand, reduce and fragment natural forests in the Western 
Ghats. Two locations were in the middle of an agricultural area dominated by 
tree plantations, fields and small settlements (rubber plantation: 8ᵒ50’09.65”N, 
76ᵒ54’23.00”E; rice paddy: 8ᵒ51’24.59”N, 76ᵒ56’33.81”E). The third location was 
in the peri-urban area of Trivandrum, the capital of Kerala, in an area dominated 
by house gardens and city trees (city: 8ᵒ32’38.51”N, 76ᵒ55’20.13”E). The fourth 
location was in a rural area with a landscape mix of forest fragments, fields and 
small settlements (forest edge:  8ᵒ52’26.89”N, 77ᵒ06’31.20”E) (Fig. 9). Due to 
logistic difficulties of sourcing new hives and rehousing them in the observation 
hive box in time before the start of monsoons, the same hive was moved from 
the rubber plantation to the rice paddy. They were given at least 5 days to 
adjust their foraging patterns to the new location. 
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Rice 
Paddy 
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City 
Rubber 
Plantation 
 
Figure 8. Map of India. State of Kerala is on the south west coast (Google Maps, 
2017). Satellite photo bottom (Google Earth, 2017) of the field sites, marker 
placement shows the location of the hive. Red: Rubber plantation, Blue: Rice paddy, 
Yellow: City and Green: Forest. 
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a) 
b) 
d) 
c) 
Figure 9. Left shows satellite photos of the field sites (Google Earth, 2017), marker 
placement shows the location of the hive. Right shows ground photos by the hive.     
a) Rubber plantation b) Rice paddy c) City d) Forest edge. Photos by Katie Hall. 
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2.2.3 Recording of the waggle dances   
Dances were recorded between 06:30 and 13:30. It was not possible to film 
dances during any of the afternoons due to rainy weather conditions. The hive 
was filmed from both sides simultaneously using a Pentax K-500 camera (HD, 
30fps) and a Sony Handycam HDR-CX410 (HD, 25fps). To reduce glare, a 
black cloth was placed over the hive which provided shade and kept the hive 
cool (Fig. 10). Only the lower part of the hive near the entrance was filmed 
given that I observed that the bees would dance mainly in this area. Also 
previous experiments in A. mellifera have shown this lower area of the comb to 
be the dance floor (Körner 1940; von Frisch 1967). In one experiment 94% of A. 
mellifera dances occurred within 24cm of the hives entrance (Seeley & Towne, 
1992). A heavy screw on a length of string was hung from the top of the hive as 
a reference for measuring dance angles as the bees dance in relation to gravity 
(Fig. 11).  
 
 
 
Figure 10. Left shows the recording of the hive on both sides and rights shows the 
final set up with cloth covering to prevent the hive overheating. Photos by Katie Hall. 
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2.2.4 Sampling  
In total 2242 dances were detected from an estimated 290 hours of video 
footage. None of these dances presented as that of the modified dance 
language associated with absconding/migrating in A. cerana, therefore all were 
assumed to be dancing for food sources (Sasaki et al. 1990). All pollen dances 
were decoded (n=328), as their number was smaller. A predetermined number 
of nectar dances were systematically sampled across the day taking into 
consideration the frequency of dances in each time slot (n=409). This 
predetermined number was determined by how many pollen dances there were 
in that location so that the dances of each forage type could be compared.  
2.2.5 Decoding of waggle dances  
Dances were decoded using Adobe Photoshop CC 2015.5. The waggle dance 
is an easily distinguished behaviour from the resting background bees in the 
nest. Once identified, the video was rewound to when the bee first comes into 
Figure 11. Still image of an example video recorded. The white line is the reference 
string for gravity. Photo by Katie Hall. For video clip follow: 
https://www.youtube.com/watch?v=azt33wi51W8 (Hall 2017). 
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shot and the start of the first waggle run was defined as the start of the dance. 
The end of the dance was defined as the last circuit before the bee went out of 
shot. Foragers were classified into nectar foragers or pollen foragers. Pollen 
foragers are more likely to unload their pollen loads after performing waggle 
dances therefore they are easily recognisable with their pollen baskets on their 
hind legs (Visscher & Seeley, 1982; Calderone & Johnson, 2002). Although we 
did not test directly whether they were carrying water or nectar, a concurrent 
study conducted in the same area and in the same year showed that returning 
A. cerana foragers always carried nectar if they do not carry pollen (Ramesh et 
al. 2016).   
The angle of the waggle run during the dance relative to gravity was determined 
at the start of each dance run using Photoshop’s line tool. The dance angle 
codes the angle between the food source and the azimuth of the sun (von 
Frisch 1967). Whenever the image was not perfectly aligned in the vertical 
direction with the weighted line, I manually rotated it before measurement of the 
angle. I extracted the angles of the sun in the sky at the specific times of day at 
each of the hive locations from an online data source published and maintained 
by The Astronomical Applications Department of the U.S. Naval Observatory 
(2015) (http://aa.usno.navy.mil/data/docs/AltAz.php). To convert the angle 
danced by the bee to a compass angle for the food source relative to North, the 
danced angle was added if the bee was dancing right of vertical up to 180ᵒ or 
subtracted if the bee was dancing left of vertical up to 180ᵒ from the sun’s 
azimuth.  
The total duration of the dance was recorded and divided by the number of 
circuits the bee performed. One circuit is defined by a waggle run and the 
subsequent turning of the dancer before starting a new waggle run (Dyer & 
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Seeley 1991). It has been shown that the duration of one circuit as well as the 
duration of the waggle phase are both indicators of the distance to the food 
source encoded by the dancing bee (Michelsen et al. 1992). Here, I chose to 
base the analysis of the waggle dance durations on the methodology by Dyer & 
Seeley (1991) which recorded full circles that included the straight waggle run. 
Their experiments on Asian honeybee waggle dances have been conducted 
vigorously and represent the most extensive set of studies to date.   
2.2.6 Distance calibration of the waggle dances  
Variations of the encoded distance values have been reported for different 
populations and races of A. mellifera (Boch 1957; von Frisch 1967). There are 
also differences between the dances of Apis species (Lindauer 1957; 
Punchihewa et al. 1985; Dyer & Seeley 1991), however less is known about 
intraspecific variation between populations. Therefore, I conducted a calibration 
experiment that probed the distances indicated by dancing A. cerana in South 
India.  
Individually marked bees were trained to a feeder offering a 30% sucrose 
solution in both the rice paddy and the rubber plantation (Fig. 12). The feeder 
was set up in progressive steps of 100, 150, 200 and 250m away from the hive. 
At each distance the feeder was in place for at least 1 hour and the time of visits 
by individually marked bees were recorded.  
 
 
 
Figure 12. Feeder offering sucrose solution to honeybees. Photo by Katie Hall. 
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The duration of a dance performance was measured when a bee had been 
seen to leave a feeder shortly before (2 minutes max). This was done to ensure 
that the bee was dancing for the artificial feeder and not for another unknown 
food source. Up to 22 dances were decoded for each distance at which the 
feeder had been placed. 
2.2.7 Statistical analysis 
Linear statistics were conducted in IBM SPSS Statistics 23 for Windows. All 
data were checked for assumptions and normality using normal Q-Q plots and 
the Shapiro-Wilk test in IBM SPSS Statistics 23 for Windows. A chi-square 
goodness of fit test was conducted to test if there was a difference between the 
number of nectar dances compared to pollen dances at each location. A Mann-
Whitney U test was performed to report if there was a difference between the 
distance flown for bees collecting either pollen or nectar in each location and 
across locations, respectively. To probe the similarity of data in the dance 
calibration experiments, linear regression lines were fitted in SPSS and then 
compared in Excel 2016 using the Real Statistics Function add in (Howell 
2012). Bonferroni correction of the significance level was applied to all multiple 
comparison statistical tests.  
Circular statistics were conducted in MATLAB R2017 for Windows using the 
toolbox CircStat (Berens 2009). A Rayleigh-U test was performed to test the 
significance of forage clustering in pollen and nectar foragers. A circular 
analogue to the Kruskal-Wallis test was performed to test if there was a 
significant difference between the mean angle flown from the nest of pollen and 
nectar foragers (Fisher 1995; Berens 2009). Both these tests were conducted 
on data from each habitat.  
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2.2.8 Ethical note  
No licences or permits were required for this research. Permission from land 
owners and the local forestry department was given to place the hives on their 
land. The bees were not prevented from their normal behaviour and at the end 
of the experiments they were returned to the beekeeper. 
2.3 Results  
2.3.1 Calibration experiment 
The distance to the food sources that is encoded in the bee dances shows 
variation between populations in the Western honeybee (Boch 1957; von Frisch 
1967; Visscher & Seeley 1984). This could also be the case for the Eastern 
honeybee, as indicated by the differences described in the Dyer and Seeley and 
Lindauer studies which recorded the waggle dance durations for a feeder that 
was set at different distances (Lindauer 1957; Dyer & Seeley 1991).  A 
calibration experiment was therefore conducted to establish the relationship 
between dance duration and encoded flight distance using an artificial feeder 
(Fig. 12). Figure 13 shows the function of the circuit duration relative to the 
feeder distance, which was compared to the dance dialect curves produced 
Lindauer (1956) and Dyer and Seeley (1991). 
As the raw data from Lindauer (1956) and Dyer and Seeley (1991) was not 
available the regression lines were fitted to the reported mean values. The 
graph shows the regression lines for rice and rubber that have been fitted to the 
raw data set. However, for a comparison with the Lindauer (1956) and Dyer and 
Seeley (1991) lines, the regression lines were also fitted to the mean data 
points. There was no significant difference between any of the regression lines 
(Table 1.). 
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Table 1. Comparison of regression curves fitted to the means of the data due to 
lack of original data form Lindauer (1956) and Dyer and Seeley (1991). 
Comparison of 
regression slopes 
 
Dyer and Seeley 
(1991) 
Lindauer (1956) Rubber Rice 
Dyer and Seeley 
(1991) 
    
Lindauer (1956) t = 2.37 
df = 6 
p value = 0.055 
   
Rubber t = 1.29 
df = 4 
p = 0.266 
t = 0.23 
df = 4 
p = 0.830 
  
Rice t = 2.24 
df = 4 
p = 0.088 
t = 0.19 
df = 4  
p = 0.856 
t = 0.10 
df = 2 
p = 0.931 
 
 
Figure 13. Distances encoded in the dances for feeder with 30% sucrose solution 
placed between 100m and 250m in the two locations. For comparison, the mean of 
the distances measured by Lindauer (1956) in Sri Lanka and the means and 
standard deviations from Dyer and Seeley for Apis cerana in a forest in Thailand 
(1991). Rubber: n=5 at 100m, n=9 at 150m and n=3 at 200m. Rice: n=22 at 100m, 
n=11 at 150m and n=1 at 250m. Dyer and Seeley (1991) n=13 at 50m, n=16 at 
100m, n=22 at 150m, n=64 at 200m and n=24 at 250m. Lindauer (1956) did not 
display sample sizes. (Rubber: (F(1,32)=9.466, p=.004) with R2 of .228) (Rice: 
(F(1,15)=11.181, p=.004) with R2 of .427) (Dyer and Seeley(1991): (F(1,3)=233.710, 
p<.001) with R2 of .987) (Lindauer (1956): (F(1,3)=51.933, p=.006) with R2 of .945. 
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2.3.2 Frequency of dances   
In all four locations, there was significantly less pollen dances compared to 
nectar dances, this included decoded and undecoded dances (Rubber: X2 (1) = 
334.772, p<.001, Rice: X2 (1) = 456.501, p<.001, City: X2 (1) = 13.425, p<.001 
and Forest edge: X2 (1) = 434.562, p<.001) (Table 2). 
Total frequency plots, including undecoded and decoded dances, showed that 
the peak of activity of dances varied slightly between the different locations. In 
the rubber plantation frequency of dances peaked mid-morning between 8-10 
am (Fig. 14) and 7-10am in the rice paddy (Fig. 15a). In the city the frequency 
of dances peaked later in the day, between 10-11am (Fig. 15b), whereas in the 
forest area this is again earlier, 9-10am (Fig. 15c), which is more similar to the 
rubber plantation.  
 
Location 
Total 
frequency 
of dances 
Frequency 
of nectar 
dances 
 
Nectar 
dances 
as % 
of total 
Frequency 
of pollen 
dances 
 
Pollen 
dances 
as % of 
total 
Rubber 
plantation 
913 833 
 
91% 
 
80 9% 
Rice paddy 532 470 88% 62 62% 
City 343 202 59% 141 41% 
Forest edge 454 409 90% 45 10% 
 
Table 2. Frequency of dances across the four locations  
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Figure 14.  Total frequency of dances represented as a percentage during different 
time slots across the four habitats. (a) rubber plantation pooled over a period of 5 
days in May, (b) rice paddy pooled over a period of 5 days in May/June 2016, (c) city 
pooled over a period of 5 days in May/June 2016 and (d) forest edge pooled over a 
period of 6 days in May 2016. 
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2.3.3 Spatial distribution of visited food sources 
Analysis of the dances for pollen and nectar sources showed varied results of 
the direction and distances flown. This was seen both within and between the 
four locations.  
2.3.3.1 Distance analysis  
Across the four locations there is a clear peak in the frequency of dances that 
are advertising food sources at a distance of 200-400m from the hive (Fig. 16).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 16.  Normalised frequencies of distances indicated in waggle dances 
recorded in the four locations. 
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In three of the four locations, the rubber plantation, city and forest edge, there 
was a significant difference between the distance flown by bees collecting the 
different forage types. But, there was no preference to collect pollen or nectar at 
the further distances (Fig. 17, Fig. 18). In the rubber plantation and forest edge 
bees that were collecting nectar (Rubber Mdn=389m, Forest edge Mdn=334m) 
travelled significantly further than those collecting pollen (Rubber Mdn=326m, 
Forest edge Mdn=293m) However, in the city it was the other way around with 
pollen foragers (Mdn=348m) having to travel significantly further than nectar 
foragers (Mdn=239m)  
In contrast, foragers in the rice paddy were collecting pollen and nectar from 
resources that were not significantly different distances away from the hive  
 
  
Figure 17.  Distance decoded from waggle dances of bees foraging over a period of 
5 days in May in the rubber plantation *U=2176, Z= -3.495, p< .001.  
. 
 
* 
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Figure 18.  Distance decoded from waggle dances of bees foraging over a period of 
6 days in May 2016 at the forest edge (a), in the city (b) for 5 days in May/June 2016 
and 5 days in April/May 2016 in the rice paddy (c)                                                        
*U=1833.5, Z= -2.244, p= .025 **U=6283, Z= -5.342, p< .001. 
. 
 
a) 
b) 
** 
* 
c) 
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Nectar foragers showed significant difference in their foraging distances across 
the four locations (Kruskal-Wallis test, H(3) = 82.189, p<.001) (Fig. 19). Nectar 
foragers in the rubber plantation had to travel significantly further compared to 
the other three locations Also, bees collecting nectar at the forest edge had to 
travel significantly further than bees collecting the same resource in the rice 
paddy (Fig. 19).  
 
 
 
 
 
Figure 19.  Comparison of distance decoded from waggle dances of nectar foraging 
bees across the four different locations. *(U=1223.5, z=-6.889, p<.001) **(U=2231, 
z=-7.463, p=<.001) ***(U=3056.5, z=-3.256, p=.001) ****(U=2706, z=-4.432, p<.001) 
*****(U=4324, z=-5.666, p<.001). Rubber Mdn= 389m, Rice Mdn=275m, City 
Mdn=239m and Forest edge Mdn= 334m. 
*** 
** 
* 
**** 
***** 
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Across the four locations there was a significant difference in the foraging 
distances of pollen foragers (Kruskal-Wallis test, H(3) = 21.083, p<.001) (Fig. 
20). In the rubber plantation  pollen foragers travelled significantly further than 
those collecting the same resource in the rice paddy . Also, bees collecting 
pollen had to travel significantly further in the city than those in the rice paddy 
(Fig. 20).  
  
Figure 20.  Comparison of distance decoded from waggle dances of pollen foraging 
bees across the four different locations. *(U=346, z=-4.340, p<.001) **(U=2742.5, z=-
4.224, p<.001). Rubber Mdn= 326m, Rice Mdn=293m, City Mdn=348m and Forest 
edge Mdn= 293m.  
** 
* 
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2.3.3.2 Directional analysis  
A directional analysis of the waggle dances was conducted both comparing the 
bees within and between foraging groups. Comparing within the foraging group 
allows for conclusions on whether the bees collecting the same resource 
foraged in the same direction. In contrast, comparing the directions of nectar 
and pollen foragers will determine whether the bees collecting different food 
sources flew in the same direction or not.  
In the rubber plantation nectar foragers had significant directional clustering 
together which shows that they foraged at floral resources that were located in a 
similar direction (Mdn=12.30ᵒ from N) (Rayleigh test, Z=14.480, p<.001). This 
was also apparent in the rice paddy (Mdn=281.44ᵒ from N) (Rayleigh test, 
Z=11.554, p<.001) (Fig. 21). The pollen foragers in the rubber plantation also 
had significant directional clustering together (Mdn=96.87ᵒ from N) (Rayleigh 
test, Z=3.5711, p=0.0276). However, in the rice paddy there was no significant 
directional clustering of pollen foragers (Mdn=99.07ᵒ from N) (Rayleigh test, 
Z=2.146, p=0.1169) (Fig. 21). In contrast, pollen foragers in the city 
(Mdn=255.00ᵒ from N) and at the forest edge (Mdn=13.49ᵒ from N) had 
significant directional clustering in their respective locations (City: Rayleigh test, 
Z=35.429, p<.001) (Forest edge: Rayleigh test, Z=30.526, p<.001) (Fig. 22). 
The nectar foragers also showed directional clustering in the city (Mdn=244.53ᵒ 
from N, Rayleigh test, Z=6.252, p=.0018) and at the forest edge (Mdn=18.07ᵒ 
from N, Rayleigh test, Z=24.6162, p<.001) (Fig. 22).  
There was no significant difference in the mean directions of nectar and pollen 
foragers in each location. This suggests that in their respective location nectar 
and pollen foragers were travelling in the same direction (rubber: p=.2699; rice: 
p=.5008; city: p=.4045; forest edge: p=.5573) (Fig 21a,b and Fig. 22a,b).  
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Figure 21.  Compass plots showing the location of food sources decoded from 
waggle dances over period of period of 5 days in May 2016 in the rubber plantation 
(a) and 5 days in April/May 2016 in the rice paddy (b). The middle of the plot 
represents the hive and each line going out from the hive is 220m further away in (a) 
and 100m further away in (b). 
 
 
a) 
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Figure 22.  Compass plots showing the location of food sources decoded from 
waggle dances over period of period 5 days in May 2016/June in the city (a) and 6 
days in May 2016 at the forest edge (b). The middle of the plot represents the hive 
and each line going out from the hive is 120m further away in both (a) and (b). 
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2.3.4 Profitability of the food sources visited  
There was no significant difference in the number of waggle runs per dance 
across the four locations (Kruskal-Wallis test, H(3) = 6.318, p=.097) (Rubber: 
Mdn=8, Rice: Mdn=9, City: Mdn=9, Forest edge: Mdn=7) (Fig. 23). The amount 
of waggle runs per dance is a way for foragers to modulate and report on how 
profitable a food source is to follower bees. It has previously been reported that 
there is a positive linear relationship between a bee’s dance response (waggle 
runs/dance) and the nectar-source profitability.  
 
 
  
 
 
Figure 23.  Comparison of dance response (waggle runs/dance) across the four 
locations  
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2.4 Discussion  
Bee dances provide useful insights into the behaviour of foraging bees and how 
the available plant resources can shape and change foraging responses of a 
colony. Not only is it possible to look at the spatial distribution of foragers in 
different environments but you can also compare the responses to each major 
resource that foragers collect in different environments. This is because 
foraging Apis cerana bees returning with pollen do not seem to collect nectar, 
and those that return without pollen only carry nectar (Ramesh et al. 2016).  
The analysis of 737 bee dances has shown that in all of the four locations there 
is a clear peak of waggle dances advertising food sources located 200-400m 
away from the hive (Fig. 16). Foraging distance was not a predictor of forage 
type, with pollen and nectar not consistently being collected at the same 
distances across the four locations (Fig. 17, 18). The bees in the rubber 
plantation had to collect food at significantly further distances than at the other 
three locations (Fig. 19, 20). Clustering of nectar foragers was seen in all four of 
the locations and this was also apparent in the pollen foragers except when the 
hive was located in the rice paddy (Fig. 21, 22). Profitability reported by the 
dances was not significant across the four habitats (Fig. 23). Profitability 
reported in the dances is not a direct report on how nectar rich food sources is, 
rather the bees integrates information about the forage site variables (distance 
from hive, sugar content, nectar abundance etc) and forage context variables 
(state of the colony, weather, time of day etc) (Seeley 1995). Therefore we can 
report that all the four locations had similar levels of profitable food sources.  
These findings demonstrate that Apis cerana are flexible foragers and can 
adjust to various distributions of food sources in tropical human-impacted 
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landscapes of tropical South Asia. They forage over close and far distances and 
the ranges are within those reported earlier by Dyer & Seeley (1991) and 
Lindauer (1956). However, in contrast to those studies I rarely observed long 
distance foraging with only 5% of bees foraging beyond 716m. Dyer & Seeley 
(1991) reported that the top 5% of their foragers travelled further, with distances 
over 905m.  
One important finding from my analysis is that the foraging ranges of A. cerana 
are much shorter than those reported for the Western honeybee Apis mellifera 
in similar human-modified landscapes (Steffan-Dewenter & Kuhn 2003). This 
could be due to the species-specific differences. For instances, median flight 
distances reported for A. mellifera is 1118.5m (Steffan-Dewenter & Kuhn 2003) 
and 1650m (Visscher & Seeley 1982). Whilst in a tropical forest, A. cerana’s 
median flight distance was reported at 195m (Dyer & Seeley 1991). Here I 
found that in the human-modified landscapes of South India they flew over 
longer median distances (317m, see also Table 3). 
Another intriguing finding was that in the rubber plantation bees had to fly 
further to find profitable food sources and therefore spend more effort and 
energy collecting food as compared to the other locations, where food seem to 
have been available at higher density more closely to the hive. Although A. 
cerana were evidently able to negotiate longer foraging distances, it could well 
be that foraging over longer distances might weaken hives when kept in those 
landscapes. Shortage of food resources has been attributed as a cause for high 
rates of absconding reported in farm beekeeping of A. mellifera (Schneider & 
McNally 1992). Lindauer (1956) observed that A. cerana colonies also usually 
abscond when the flowering depletes. One reason could be that A. cerana does 
not store as much food as A. mellifera and instead uses any surplus food to 
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feed more brood. It would be important to investigate the availability of floral 
resources in rubber plantation by mapping out plant abundancy and diversity, 
as beekeeping is mainly done by farmers in such settings of monoculture farms. 
This would help us to understand if this location is potentially sub-optimal for A. 
cerana in terms of food availability.  
2.4.1 Dance dialect curves  
It has been previously found that different populations of the Western 
honeybee, A. mellifera, show dialects in their dances. The distances indicated 
for artificial food sources were varied, and has been shown in a number of 
calibration experiments (e.g. Boch 1957; von Frisch 1967; Visscher & Seeley, 
1982). Given the scarcity of such data for A. cerana, I could compare my 
calibration data only to those provided in two studies that were conducted in Sri 
Lanka (Lindauer 1956) and Thailand (Dyer & Seeley 1991). 
Dyer & Seeley (1991) found that there was significant intraspecific dialect 
differences between populations of A. cerana in Thailand (Dyer & Seeley 1991) 
and Sri Lanka (Lindauer 1956). The dance dialect curves from Lindauer (1956) 
were steeper than that of Dyer & Seeley (1991). This would suggest regional 
dialect differences of A. cerana similar to what has previously been seen in 
races of A. mellifera (Boch 1957; Dyer & Seeley 1991). However, when 
comparing my results from India to that of Dyer & Seeley (1991) and Lindauer 
(1956) in Thailand and Sri Lanka respectively, I found no significant difference 
between the regression lines of the dance dialect curves (see Fig. 13 & Table. 
1). This does not support the hypothesis presented by Dyer & Seeley (1991) 
that Apis cerana have regional dialect differences in tropical south Asia. 
However, there are a couple of factors that need to be considered. In my 
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experiments, due to logistics in the rice and rubber locations, feeders could only 
be placed a maximum of 250m away from the hive. In the experiments of 
Lindauer (1956) and Dyer & Seeley (1991) feeders were placed at maximum 
distances of 700m and 1200m respectively. Dyer & Seeley (1991) showed that 
when compared to the data from Lindauer (1956), there were significant 
differences between every flight distance except 150m, 200m and 300m and 
overall when fitting a linear regression line there were significant differences 
between the two data sets. This suggests that the differences between the 
dance dialects are greater at distances further away from the hive. This 
conclusion by Dyer & Seeley (1991) shouldn’t affect my results because the 
main foraging ranges in my study are at shorter distances and over these 
distances there was no significant difference between the rubber and rice 
curves compared to Dyer & Seeley (1991). Dyer & Seeley (1991) recorded 
waggle dances from feeders placed furthest from the hive and they also had a 
larger sample size than Lindauer (1956) and myself. Therefore I used the dance 
dialect curve of Dyer & Seeley (1991) to estimate the distances flown from the 
observed waggle dances. 
I conducted the calibration experiment in two locations, one more cluttered 
environment with many tress and understorey shrubs (rubber plantation) and 
another more open, a rice paddy surrounded by houses with gardens, small 
fields and plantations. As optic flow helps bees to gauge distance (Srinivasan et 
al. 1997; Srinivasan et al. 2000; Esch 2001; Si et al. 2003), it has been suggest 
that differing density of features in the landscapes may affect the rate of optic 
flow perceived by the flying bees which could then misestimate the real distance 
flown.  
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An experiment by Heran (1956) involved placing feeders at that same distance 
but either uphill or downhill from the hive. Honeybees travelling to the feeder 
uphill elicited waggle dances that were longer than the subsequent dances from 
a feeder placed downhill from the hive (Heran 1956; Srinivasan 2014). Lab 
experiments have shown that when a honey bee flies inside a tunnel that has 
been lined with horizontal stripes it overestimates the distance flown compared 
to if no stripes were present. In the lined condition the optic flow experienced by 
the bee is higher than the no stripes condition (Srinivasan et al. 2000).  
Based on these findings, Tautz et al. (2004) hypothesised that varying visual 
cues of the landscape can lead to variations in distance estimation. They 
trained bees to a feeder along two different routes. One route was over land 
whilst the other was over land at first, then water and then land again. They 
found that when the bees flew over water they produced a significantly flatter 
slope of the waggle-duration versus distance regression curve, compared to the 
curve they produced when they flew over land. This shows that the bee’s 
odometer does not run at a constant rate and is dependent on the terrain that 
the bee flies across. So far this seems to be the only evidence supporting this 
hypothesis. Note that the variation in those experiment required bees to 
negotiate a lake, and so far they are known to avoid navigationally challenging 
options such as mountains (von Frisch 1967). Flying over open water provides 
very little optic flow and it can be harder for bees to control their flight. In view of 
lacking evidence for terrestrial habitats, it should be assumed that dialects are 
more likely to be caused by population differences rather than environmental 
features. 
However, I considered the possibility that distance estimation might differ 
depending on whether the hive was located in the cluttered plantation or the 
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open rice paddy. The data did not differ however. Even though to the human 
observer the rice paddy was a very open terrain with a different ground pattern 
from the rubber plantation (see Fig. 9) which was cluttered with vegetation and 
branches, it seems that the two locations both provide similar optic flow cues to 
the bees and do not impact on their distance estimation. 
Another point that deserves some reflection is the fact that I used foragers from 
the same colony for both calibration experiments. It has been shown that 
genetic variation can influence the dance dialect of honeybees (Rinderer & 
Beaman 1995; Johnson et al. 2002). Therefore, I am not able to conclude that 
the similarity of distance estimation in the waggle dances results from similarity 
in optic flow cues in both locations, and more research with unrelated hives 
would be required to weaken the impact of potential genetic effects. 
2.4.2 Dancing for nectar and pollen locations 
In all four locations, the Eastern honeybee (Apis cerana) had significantly more 
nectar foragers than pollen foragers performing waggle dances. Previous 
longitudinal studies with Apis cerana have found that throughout the year there 
are always more nectar foragers than pollen forages, with the difference 
widening during the rainy season (Reddy 1980; Mattu & Verma 1985; Ramesh 
et al. 2016). During the wet season A. cerana are able to go out between rains 
as it is warm and plant resources are available. They just do not forage as 
regularly and seem to rely more on stocked food (Reddy 1980). The fluctuations 
in the proportion of forage type collected may be due to the differences of 
availability of pollen and nectar from plants during the different seasons (Mattu 
& Verma 1985). Due to the low availability of pollen during the wet season it has 
been reported that A. cerana stop producing brood all together (Woyke 1980). 
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Thus, the wet season seems to pose some challenges to the colony cycle that 
are comparable to the winter in the temperate regions when A. mellifera 
colonies stop breeding and rely on food stores (Simpson 1961).   
Similar to A. cerana, it has been reported that over two years of observations of 
dances of the Western honeybee (Apis mellifera mellifera) in the UK, there were 
fewer pollen dances than nectar dances, ranging between 2-41% each month of 
the total number of dances (Couvillon et al. 2015). But this does not seem to 
apply to all races and populations of the Western honeybee. A study on African 
honeybees (Apis mellifera scutellata) found that these bees have a much higher 
proportion of pollen dances, with 60% of the total dances recruiting to pollen 
sites (Schneider 1989). The differences in foraging priority between the two 
subspecies of the Western honeybee has been attributed to the different 
ecological landscapes and the impact it has on the life-cycle of the honeybees 
(Schneider 1989; Couvillon et al. 2015). African honeybees (A.m.scutellata) live 
predominantly in tropical habitats and have an extended foraging season, 
higher predation risks and high swarming rates as compared to temperate 
Western honeybees. Therefore, to maintain the population level it appears that 
they devote more energy into brood rearing and require a large amount of 
pollen (Schneider 1989). The temperate Western honeybee (A.m.mellifera) on 
the other hand, must build a large store of honey to survive during hibernation in 
winter and they therefore prioritise nectar foraging (Schneider 1989; Couvillon 
et al. 2015). In the present study, the Eastern honeybees have shown a priority 
for nectar foraging over pollen foraging unlike the tropical African honeybee, 
although they live in similar climates, and more like the temperate Western 
honeybee. It could well be that an extended pause in the breeding cycle 
dictates the brood levels and thus the need for pollen stores during the 
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flowering season. More research should scrutinise these findings to understand 
how macroclimatic conditions, but also the adaptations in breeding cycle, colony 
development, colony size and possible migration shape the adaptive allocation 
of nectar and pollen foraging in the different honeybee species. 
2.4.3 Foraging ranges of honeybees 
Bees can travel over impressively long distances to find profitable food sources. 
For instance, the Western honeybee has shown maximal foraging distances of 
10.9km (Visscher & Seeley 1982). Although bees are small in body size, they 
are able to navigate and successfully return. But given that longer distances 
pose more risks of being predated or get lost through navigational errors or 
wind drift, experience damage or starvation, how relevant is this ability for their 
everyday foraging decisions? In other words, do they prefer to stay closer to the 
hive when they can? It is known that the profitability indicated in the waggle 
dances by Western honeybees declines with further distance (von Frisch 1967), 
which implies that foragers should prefer food sources that are closer to the 
hive. However, it is also known that honeybees and bumblebees do not forage 
in the vicinity of a colony (Cresswell et al. 2000; Chapman et al. 2003). To test 
this idea, one has to scrutinise the bees’ usual foraging distances, and the 
waggle dance gives an easy insight into those.   
Intraspecific comparisons of the data collected in the present study with those 
reported in the literature shows that there are similarities in the foraging ranges 
of A. cerana across regions in Asia (Table. 3). Dyer & Seeley (1991) and 
Punchihewa et al (1985) have previously reported foraging distances recorded 
in waggle dances. They found that A. cerana prefer to forage within 400m of 
their hive. The analysis of dances in the present study, combining nectar and 
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pollen foragers, showed that 50% of dances signalled the location of food 
sources at a median distance of 317m from the hive. There is also a clear peak 
in dance frequency across all of the four locations advertising food sources that 
were 200-400m away from the hive (Fig. 16).  
Comparison of foraging ranges within the Asian honeybees give different 
results. Punchihewa et al (1985) compared the waggle dances of three of the 
Apis species; A. cerana, A. dorsata (the giant honeybee) and A. florea which is 
much smaller than A. cerana. Although their results suggested that the giant 
honeybees, A. dorsata, easily forages over long distances, all three of the Apis 
species seemed to prefer to forage within 400m of the nest. In contrast, Dyer & 
Seeley (1991) report significant differences in the flight ranges across the three 
Asian honeybee species. A. dorsata had the longest flight ranges with 50% of 
its foragers flying up nearly 11km away from the hive, whilst A. florea and A. 
cerana had significantly shorter foraging distances with 50% of their foragers 
flying up to 268m and 195m away from the hive respectively.  
The differences in common flight distances resembled those in maximum flight 
ranges from natural feeding sites measured by Dyer & Seeley (1991). The giant 
honeybees, A. dorsata, flew up to a maximum distance of 22km. The smaller-
sized A. florea was observed dancing for a location at a distance of 15.2km and 
the smallest maximal distance was held by A. cerana at 2.5km maximum 
distance flown.  
Differences between the foraging ranges in the Asian honeybees has previously 
been attributed to the different body sizes of the bees. A. dorsata was believed 
to travel further due to being the largest of the Asian honeybees (Lindauer 
1957). A meta-analysis study analysed the data collected for 62 bee species 
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and found a positive correlation between body size and flight distances 
(Greenleaf et al. 2007). Whilst the published data reported for the differently-
sized Asian honeybees above (Punchihewa et al. 1985; Dyer & Seeley 1991), 
do not fully conform with these findings, some new findings do. Comparing the 
responses to an artificial feeder located at various distances to the hive, Nevard 
et al. (2016) found that A. cerana and the very small stingless bee Tetragonula 
(Trigona) irridipennis followed the feeder over different distances. The stingless 
bees gave up much earlier, whilst A. cerana did not seem to show much 
hesitation to visit the feeder when offered at distances up to 200m. However, A. 
cerana from India, as reported in the present study, seem to have shorter flight 
ranges than the smaller-sized bee A. florea from Thailand (Dyer & Seeley 
1991). More work needs to be done in Asian bees to understand how body size 
may determine foraging ranges in tropical bees. 
The difference in body size between A. cerana and A. mellifera is not as large 
as what has been seen between A. cerana and T. irridipennis. However the 
comparison of flight ranges between the Eastern and Western honeybee are 
quite conclusive in saying that the Eastern honeybee has significantly shorter 
foraging ranges (Lindauer 1956; Dyer & Seeley 1991) (Table. 3).  
In a temperate forest in North America it was observed by Visscher & Seeley 
(1982) that 50% of the foraging of A. mellifera occurred within 1650m of the hive 
and the maximum distance danced was 10.9km. Shorter foraging distances was 
reported by Waddington et al (1994) of A. mellifera in suburban environments, 
where 50% of foraging occurred 745-935m across the different colonies.  
Observations in structural landscapes impacted by humans in mainland Europe 
show foraging ranges that fit in-between the results of Waddington et al (1994) 
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and Visscher & Seeley (1982). 50% of the foraging occurred within 1181.5m, 
the overall mean distance was 1526m and maximum foraging distances are at 
~6km from the hive (Steffan-Dewenter & Kuhn 2003).  
 
 
It appears that there are interspecific differences in the flight ranges of species 
of honeybee. Although more work needs to be done to understand the 
intraspecific differences amongst the Asian honeybees, the comparison of A. 
cerana and the Western honeybee A. mellifera suggests a clear difference. A. 
cerana seem to prefer foraging over much shorter distance ranges.  
 Natural foraging 
Distances of which a 
percentage of dances 
have occurred 
 
 
Max distance danced 
(km) 
 
50% 
(meters) 
 
95% 
(meters) 
A. mellifera 
North America 
    Germany 
 
1650 
1118.5 
 
6000 
- 
 
10.9 
~6.0 
A. cerana 
     Thailand 
                         India (Fig. 16) 
 
195 
316 
 
905 
716 
 
2.5 
2.1 
A. florea 
     Thailand 
 
268 
 
1323 
 
15.2 
A. dorsata 
     Thailand 
 
863 
 
3810 
 
21.8 
Table 3. Foraging ranges of different species of honeybee observed from decoded 
waggle dances for natural food sources. Data from North America (Visscher and 
Seeley 1982), Germany (Steffan-Dewenter & Kuhn 2003) and Thailand (Dyer and 
Seeley 1991). 
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It has been suggested in the literature that the intraspecific differences seen 
amongst populations and races of the Western honeybee are caused by 
landscape structures, dominant habitat types and the distribution of high-quality 
food sources that can vary substantially in different habitats (Waddington et al. 
1994; Steffan-Dewenter & Kuhn 2003). This notion is further supported by a 
report finding that in an area of highly dense flower availability in agricultural 
land A. mellifera was observed to only have median foraging ranges of a few 
hundred meters (Free 1970; Visscher & Seeley 1982). It has also been 
suggested that flight distance may be impacted by the size of the colony 
(Waddington et al. 1994). Larger colonies have increased numbers of workers 
compared to smaller colonies and therefore there is a higher amount of inter-
colony competition and food resources closer to the hive deplete quicker 
(Michener 1974). These explanations for intraspecific differences in A. mellifera 
can also be applied to explain the differences in interspecific differences 
between A. mellifera and A. cerana. From a concurrent study in the same 
locations as my study, we know that the majority of pollen collected by A. 
cerana is coconut pollen (Nevard et al. 2016). This resource was readily 
available in all of the four locations and therefore was not the restricting factor 
causing the preference for foraging within 200-400m of the nest seen in figure 
16. Also as some of the bees did indicate going up to 2.1km from the nest we 
know that the ability to travel further was also not a limiting factor. Therefore 
foraging efficiency must have been the driving force for the preference by A. 
cerana to focus on food sources located 200-400m from the hive. When 
comparing this foraging preference to the A. mellifera studies we see that A. 
mellifera travel significantly further than A. cerana (Lindauer 1956; Dyer & 
Seeley 1991). Currently experiments comparing the foraging ranges of A. 
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mellifera and A. cerana have not been completed in the same environment. A. 
mellifera has been introduced to India however they are not as well adapted to 
the hot tropical climate compared to A. cerana (Mishra and Kumar 1997). 
Therefore it is difficult to account for changes of behaviour and physiology due 
to a lack of acclimation or potentially limitations in their ability to adjust to the 
‘wrong’ climate. Nevertheless, such an experiment could be of interest to find 
out if the introduction of the Western honeybee could cause competition for food 
sources between itself and its Eastern sister species due to similar foraging 
ranges in these tropical habitats.  
2.4.4 Foraging comparison  
The Eastern honeybee showed flexibility and the ability to forage in the different 
locations which all showed strong anthropogenic influences, such as agricultural 
plantations and fields around the forest edge. Remarkably, bees exploited food 
sources both in fields and the forest as the distribution of foraging locations 
suggests. However, there were also some interesting differences in the spatial 
aspects of foraging both within and between habitats of each location.  
2.4.4.1 Foraging distances negotiated by nectar and pollen foragers 
At three sites I found differences between the foraging ranges of pollen and 
nectar foragers, however they were diametrically opposed. Whilst in the city 
pollen foragers travelled on average 109m further than nectar foragers, it was 
the other way around in the rubber plantation and at the forest edge. In those 
two locations nectar foragers travelled further on average 63m in the rubber 
plantation and 41m at the forest edge (Fig. 17, 18). Taken together with the 
finding that in the rice paddy there was no difference in foraging ranges, it 
appears that foraging distances are not predicted by the type of resource that 
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the bees would collect. This is in line with findings for the Western honeybee 
studied in North America. In Florida there was no significant difference in the 
foraging distances of pollen and nectar foragers. However in California nectar 
foragers had to travel on average 192m further than pollen foragers 
(Waddington et al. 1994). One limitation of my study was that dances were 
recorded once for 5 days in each location. It would be worthwhile to repeat the 
recordings at various time points across the flowering season, to understand 
whether foraging distances might vary between pollen and nectar foragers. 
If one type of food resource is constantly exploited at significantly further 
distances compared to the other it suggests that pollen and nectar is not being 
collected at the same flower patches, or there is higher competition for one of 
the resources. A study by Couvillon et al. (2015) was conducted over 2 years 
and it found that for some months pollen was collected at farther distances, but 
in other months nectar was foraged at further distances from the hive. For 
example during the summer nectar competition is at its highest so bees 
collecting this resource must travel further (Couvillon et al. (2014). Pollen 
however is least likely to be collected as there is less brood rearing. This 
suggests that foraging ranges of A. mellifera change across the flowering 
season being influenced by the condition of the hive and floral resources 
available in the environment (Couvillon et al. 2015).  
Fluctuations in the foraging activity across a yearly cycle has been seen in A. 
cerana and it shows similar patterns of fluctuations, compared to A. mellifera, in 
the requirement of a specific food resource during the year (Reddy 1980; Mattu 
& Verma 1985). However a longitudinal study looking at how foraging ranges of 
pollen and nectar foragers fluctuate throughout the year has yet to be 
completed. Further experiments should focus on a prolonged experiment on A. 
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cerana to see if the observation in A. mellifera are true of the Eastern species 
as well. This would also help to conclude whether any of the habitats are 
impaired in offering sufficient foraging resources to sustain wild and managed 
A. cerana populations.  
When separating foraging ranges by forage type there were significant 
differences across and between the four locations. Overall there were more 
significant differences between the rubber plantation and the other locations. I 
found that nectar foragers in the rubber plantation travelled significantly further 
as compared to the other three locations (Fig. 19). Also pollen foragers in the 
rubber plantation had to travel further than those in the rice paddy (Fig. 20). 
This suggests that despite the dense vegetation offering nectar and pollen close 
to the hive, these resources were limited in availability. Most likely there was 
higher competition for these food resources compared to the other locations 
causing the bees to travel further.  
Not many studies have yet scrutinised the relationship between landscape 
features, food availability and foraging responses in bees, less so in other 
pollinating insects. The general approach is to look at abundance rather than 
foraging behaviour (Biesmeijer et al. 2006; Potts et al. 2010). A first important 
study that addressed foraging behaviour in different natural landscapes in 
Germany was done by Steffan-Dewenter & Kuhn (2003). They found that there 
were differences between foraging distances of A. mellifera in simple and 
complex landscapes, however they were not the same when considering type of 
forage. The mean foraging distances of nectar foragers did not differ 
significantly between simple and complex landscapes. Conversely, pollen 
foragers had to travel further in simple as compared to complex landscapes. 
This difference was more pronounced in June and less so in May and July. This 
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was because in May and July mass-flowering resources such as oilseed rape 
and apple trees were in full bloom. Simple landscapes in this experiment were 
dominated by annual crops, which led to increased competition during June 
when the crops were not providing floral resources (Steffan-Dewenter & Kuhn 
2003). To have a better understanding of how the landscape effects the 
foraging behaviour of A. cerana, a wide scale study using GIS and studying 
waggle dances of A. cerana in different structural landscapes should be 
undertaken. This would enable us to determine the effects large-scale 
distribution of foraging resources might have on foraging behaviour of Eastern 
honeybee. This seems to be a timely question, when considering that humans 
are impacting and changing the structural landscapes in Asia by increasing 
agriculture and fragmentation of natural forests. We need to know how A. 
cerana will respond to such alterations in the landscape as it is an important 
pollinator for wild and domesticated plants (Partap & Verma 1994; Partap et al. 
2000; Joshi & Joshi 2010). Especially as the present study demonstrates that 
knowledge obtained for closely related sister species, such as the Western 
honeybees, cannot be simply extrapolated to this species. 
In my study there was also a significant difference between the distances flown 
by pollen foragers in the city and the rice paddy, suggesting that pollen 
resources might have been distributed more scarcely. However, this difference 
is very small and must be therefore considered carefully. There could be a 
difference due to the positioning of the hives. In the city the hives were housed 
on top of a 3-storey building. Experiments by Esch & Burns (1996) have 
concluded that higher flight altitudes can cause underestimation of distance to a 
food source. Foragers visiting a balloon feeder underestimated the distance 
flown to the feeder when it was raised from ground level to 90m (Esch & Burns 
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1995). Also bees that were housed on a high building signalled a much shorter 
distance to a food source on another high building than the actual flight 
distance. Estimation of distance flown is determined by optic flow and the closer 
to the ground the bee flies the faster and further images move across the retina 
(Esch & Burns 1996). Therefore at higher altitudes optic flow is less. It is likely 
that the bees in the city underestimated the distance flown and danced 
somewhat shorter distances than flown in reality (Esch & Burns 1996). Although 
not tested yet, it is likely that the mechanism in A. cerana for distance 
estimation is similar to A. mellifera. A calibration experiment that incorporates 
height, similar to those conducted by Esch & Burns (1996), would answer this 
question.  
2.3.4.2 Comparison of flight directions in foraging honeybees 
Even though the comparison between foraging distances of pollen and nectar 
foragers has been examined previously (Schneieder 1989; Waddington et al. 
1994; Couvillon et al. 2015), there is a distinct lack of comparisons of foraging 
directions. In the present study there were no significant differences between 
the direction in which pollen and nectar foragers travelled in any of the locations 
(Fig. 20, 21). This would suggest that foraging patches of nectar and pollen 
were available in the same direction and possibly plants offered rewards of both 
pollen and nectar to the different forager types. In each of the four locations the 
foraging directions clustered for nectar foragers which suggests that nectar 
foragers had a small distribution among resource patches and were generally 
foraging in the same direction as each other. For pollen foragers clustering of 
feeding was significant in the rubber plantation, city and forest edge. Clustering 
of foraging patches has been seen in studying A. mellifera mellifera in 
temperate forests in the US (Visscher & Seeley 1982) and also when studying 
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the African honeybee, A. mellifera scutellata, in Botswana (Schneider 1989). 
Clustering was significant for both forage types but pollen foragers showed 
increasingly concentration and adjustment to foraging patches as some 
diminished and others became rewarding (Visscher & Seeley 1982; Schneider 
1989). However Waddington et al (1994) investigating the distribution of A. 
mellifera mellifera foragers in Florida and California did not see a strong 
concentration of foraging on small patches by nectar or pollen foragers. They 
found that waggle dances indicated floral resources that were widely scattered 
and this was a good representation of the actual distribution of food sources in 
residential gardens and flowering trees in the environment. 
Thus it seems that bees handle different distributions of foraging resources 
easily and with flexibility. Research does suggest however that the distribution 
of forage could affect the evaluation of profitability that is communicated by the 
dancers of the Western honeybee, A. mellifera. This could affect the distribution 
of foragers in the landscape attracting recruits to the most profitable area in the 
landscape (Waddington et al. 1998; Seeley et al. 2000; Nicholls & Hempel de 
Ibarra 2017). Therefore clustering of waggle dances seen in this study by A. 
cerana could reflect similar preferences for locations, with dense clusters of 
food resources not a good representation of the overall distribution of floral 
rewards in the landscape. It could well be that Eastern honeybee have high 
selectivity for dense rewarding patches which in turn can influence the threshold 
for triggering dances within a range. Whilst I found that profitability signalled in 
the dances did not differ between sites, as one would expect (von Frisch 1967; 
Seeley et al. 2000), the question of the dance threshold and regulation of 
reward evaluation is yet to be studied in Eastern honeybees.  
 
99 
 
Chapter 3. Outlook   
This study has addressed for the first time how Apis cerana bees distribute their 
foragers in the tropical environment of South Asia in the context of human 
transformation of landscape due to agricultural activity and forest fragmentation. 
It helps to improve our understanding of the behaviour and ecology of the 
Eastern honeybee, A. cerana, which so far has been little studied, despite being 
a major source of income for farmers from honey production and being 
managed widely across India and South Asia.  
Further research should be focussed on the foraging behaviour of the Eastern 
honeybee in the rubber plantations. The rubber plantations are normally where 
beekeepers in Kerala, South India, place managed hives of the Eastern 
honeybee. However, the preliminary results from this study indicate that these 
plantations might be sub-optimal in terms of density and distribution of food 
resources, at least in the later part of the dry and flowering season. This is not 
considering aspects of nutrition, where bees might not receive the necessary 
breadth of nutrients to maintain healthy and resistant colonies (Nicolson 2011). 
Therefore, it might be worthwhile to investigate more closely the nutritional 
requirements and provision of food in agricultural areas for Apis cerana. It might 
well be more beneficial for the beekeepers to move the hives closer to areas 
with more diverse food sources as open areas lined with gardens and small 
fields, or periurban areas of cities and towns to allow bees to exploit food 
sources that are closer to the hive. This could help to obtain better honey yields, 
have healthier and therefore stronger colonies and reduce the rate of 
absconding.  
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Shorter foraging ranges of the Eastern honeybee should be considered when 
estimating pollination services. Relying on abundant knowledge from the 
Western honeybees might lead to wrong predictions about supply and demand 
on pollination services in the tropics of South Asia. Gene flow between forest 
fragments and agricultural areas is also dependent on the distances that bees 
will negotiate. Being the main pollinator group, it is important to consider their 
species-specific foraging ranges that might differ significantly from bees in 
temperate climates. Most crops and wild plants in the Asian tropics depend on 
bee pollination, and as such getting realistic estimates of pollination services 
and gene flow across the landscape is significant for both food security and 
income generation. A recent census has shown that nearly 70% of the Indian 
population is dependent on agriculture for their livelihood and many millions of 
people around the globe rely on the food produced (Chandra and Malaya 2011).  
This study has shown that there are geographic, intraspecific and interspecific 
variation in the foraging ranges of the Apis species. Therefore, more research is 
needed to understand the foraging behaviour of the Eastern honeybee as our 
knowledge derived from studies on Western honeybee data might not be 
applicable to tropical bees and their habitats.   
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